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ABSTRACT 
In this study multilayer graphene nanosheets was synthesize by oxidizing graphite to 
graphene oxide using H2SO4 and KMnO4 followed by reduction of graphene oxide to 
graphene using NaBH4. The graphene nanosheets were characterized by Fourier Transform 
Infrared (FTIR) and Raman spectroscopy, high resolution transmission electron microscopy 
(HRTEM), Scanning electron microscopy (SEM) and X-ray diffraction (XRD). HRTEM 
images showed  that the multilayer graphene were obtained.   
The graphene was immobilized directly onto a glassy carbon electrode using the drop coating 
technique followed by the in situ deposition of mercury, bismuth or antimony thin films to 
afford graphene modified glassy carbon metal film electrodes (Gr-GC-MEs). The 
experimental parameters (deposition potential, deposition time, rotation speed, frequency and 
amplitude) were optimized, and the applicability of the modified electrode was investigated 
towards the individual and simultaneous determination of Zn
2+
, Cd
2+
 and Pb
2+
 at the low 
concentration levels (µg L
-1
) in 0.1 M acetate buffer (pH 4.6) using square wave anodic 
stripping voltammetry (SWASV). The detection limits values for the Gr-GC-HgE was 0.08, 
0.05 and 0.14 µg L
-1
 for Zn
2+
, Cd
2+
 and Pb
2+
, respectively. The Gr-GC-BiE the detection 
limits for was 0.12, 0.22 and 0.28 µg L
-1
 for Zn
2+
, Cd
2+
 and Pb
2+
 while the detection limits for 
the Gr-GC-SbE was 0.1, 0.3 and 0.3 µg L
-1
 for Zn
2+
, Cd
2+
 and Pb
2+
, respectively. A Gr-GCE 
prepared without any binding agents or metal film had detection limits for Zn
2+
, Cd
2+
 and 
Pb
2+
 of 3.9, 0.8 and 0.2 µg L
-1
 for Zn
2+
, Cd
2+
 and Pb
2+
.  
Real sample analysis of which was laboratory tap water was performed using the Gr-GC-
MEs. Only Gr-GC-HgE was sensitive enough to detect metal ions in the tap water samples at 
the 3ppb level whereas, the GC-BiE and GC-SbE detected the metal ions at the 10 µg L
-1
 to 
30 µg L
-1
 level. 
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CHAPTER 1  
Introduction 
1.1 Heavy metals and their effect on the human health  
A heavy metal is any metal which has a high density and is toxic at low concentrations [1]; 
they are natural components of earth‟s crust. Their amounts in soil varies from very low 
(femtograms) to high (milligrams) [2]. In addition they are normally found in raw or treated 
drinking water as they enter the water distribution system. These metals also become 
available in the consumer‟s tap water as a result of decaying pipes and fixtures of water 
distribution systems. Heavy metals are noted as being one of the main sources of pollution in 
the environment [3-4]. At present heavy metal pollution of aquatic environments is a 
worldwide problem that has grown at a startling rate [5] and presents a concern for human 
health and for life in general [6]. Heavy metal toxicity causes grave health effects such as; 
cancer, nervous system damage, organ damage, retarded growth, and in extreme cases, death. 
Furthermore, heavy metals are toxic to the sensitive, rapidly developing systems of fetuses, 
infants, and young children. For example, the heavy metals mercury and lead easily cross the 
placenta into the blood and cause childhood memory impairment, learning difficulties, 
damage to the nervous system and behavioural problems such as, aggressiveness and 
hyperactivity [7]. As a consequence of the aforementioned health concerns the United States 
Environmental Protective Agency (EPA) has set a maximum contamination level (MCL), for 
cadmium, lead, copper and zinc at 5 ppb, 15 ppb, 1.3 ppm and 5 ppm, respectively [8].  
The copper present in the body is obtained from the daily intake of food which contains 
copper in various forms. After absorption from the intestinal track the copper passes to the 
organs where some is retained, while much is excreted in the urine and the faces. The normal 
copper requirement of the body as determined by balance studies has been found to be about 
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2 mg a day, of which an average of 0.25 mg per day is excreted and the total body content 
apart from that in the brain is approximately 100 mg to 150 mg [9]. 
Cadmium is a natural element in the earth‟s crust, and does not break down in the 
environment, but can change forms. Some forms of cadmium dissolve in water while others 
bind strongly to soil particles. Eating food, drinking water or breathing air with very high 
levels of cadmium annoys the stomach, leading to vomiting, diarrhea and damages the lungs 
[10]. 
Mercury (Hg) is toxic and does not occur naturally in living organisms. It causes damage to 
the central nervous system (CNS) which displays itself as despair, muscle tremors, 
quarrelsome behavior and headaches. Mercury is active at about 50 µg/100 mL of blood [11].  
Lead is released into the environment from both natural and anthropogenic sources. Exposure 
can occur through drinking water, food, air and soil which cause brain and / or kidney 
damage, disruption of the nervous system, miscarriages and subtle abortions. The average 
daily lead ingestion for adults in the UK is valued at 1.6 µg from air, 20 µg from drinking 
water and 28 µg from food [1]. Pollution by heavy metals in the environment is a mounting 
problem worldwide and is now a cause for concern. As a consequence  many techniques are 
now being used to detect trace heavy metals, including atomic absorption spectrometry 
(AAS), inductively coupled plasma optical emission spectrometry (ICP-OES), X-ray 
fluorescence (XRF) and stripping techniques [12].  
1.1.1 Stripping voltammetry techniques 
Stripping voltammetry is an important electroanalytical technique used for the determination 
of trace heavy metals [13-14]. Stripping techniques offer a significant increase in sensitivity 
and low detection limits due to their unique ability to pre-concentrate the target analyte [15] 
at a thin film metal (mercury, bismuth or antimony) working electrode. The pre-concentration 
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is carried out at a specific reduction potential for a pre-determined time followed by the 
stripping out of the analyte from the metal film through oxidation back into solution. [13-14]. 
Electrochemical techniques are economical, portable and have easy process procedures [12]. 
In addition, the anodic stripping voltammetric technique is capable of measuring  four to six 
analytes in a sample simultaneously in the sub-parts per billion (sub-ppb) range [16-17].  
The mercury film electrode (MFE) and the hanging mercury drop electrode (HMDE) have 
been extensively used over the past decades to detect trace heavy metals by anodic stripping 
voltammetry (ASV) due to their capability of working in a wide negative potential range [18]. 
However, the use of mercury in some countries is harshly limited because of its toxicity and 
the increased health risks [19]. Recently, other types of metal film electrodes have been used 
as an alternative to mercury; amongst them is the bismuth-film electrode (BiFE) which 
compares well with mercury electrode. Moreover, it is environmentally friendlier owing to 
the lower toxicity of bismuth (and its salts) and thus has been used widely for trace heavy 
metal analysis by ASV [20-23].  
More recently, the performance of an antimony-film electrode (SbFE), has been suggested to 
be similar to MFEs and BiFEs in ASV [24]. At present there is not much toxicological data 
regarding the health effects of antimony and its compounds, but their toxicity is highly 
dependent on the speciation. The related data published by various governing bodies show 
that SbFEs are environmentally friendlier than MFEs and also much less toxic [24]. 
1.1.2 Graphene 
Graphene, a two-dimensional (2D) honey-comb lattice of carbon atoms [25] has recently 
appeared as an exciting material for electronics due to awesome electron transporter 
movement in bulk graphene [26], low density and large specific surface area [27]. Graphene 
acts like massless relativistic Dirac fermions with vanishing density of states due to unusual 
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energy dispersion relations, the low-lying electrons in single layer [25]. However, it is a very 
important material not only for fundamental research but also for device applications [28] 
and, since its production in 2004 it has shown to improve the sensitivity in various 
applications [28].  
Much research regarding the growth and exfoliation of graphene has been reported [29-33] 
The most efficient and consistent method to produce high-quality graphene sheets is by 
micromechanical cleavage [33]. The disadvantage of this method is its low yield, which 
makes it unfit for large-scale applications and as a consequence, working with chemically 
modified forms of graphene was proposed as an alternative. Exfoliation of graphite oxide 
(GO) whether by fast thermal extension or ultrasonic dispersion has been one of the best 
approaches to obtain graphene in bulk [34-35]. Graphite oxide is easy to disperse in water or 
organic solvents with sonication forming single layers of graphene oxide (GO) in solution. 
The GO can be treated further by reacting it with various reducing agents (e.g. hydrazine or 
NaBH4), thermal expansion and electrochemical reduction to yield the reduced graphene 
oxide (RGO). The reduced graphene oxide (RGO) has excellent electronic properties and is 
often referred to as graphene, since it has a wider layer distance and better conductivity than 
graphitic nano-sheets [36]. In comparison to other production techniques, this method is best 
because of its reliability, amenability to large-scale production and exceptionally low material 
costs [37]. 
1.2 Rationale and motivation 
Amongst all the classes of contaminants introduced into the environment by human activities 
the trace metals continuously increase in the environment. It is well-known that heavy metal 
ions are deleterious to human health for example excessive Pb
2+
 can lead to a wide range of 
health problems, such as nausea, convulsions, coma, renal failure, cancer, and negative 
effects on metabolism and intelligence [38-40]. The stripping voltammetric techniques are 
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suitable for the determination of ultra-low levels of trace metals include anodic stripping 
voltammetry (ASV) and adsorptive cathodic stripping voltammetry (AdCSV). The first 
available electrode used in anodic stripping voltammetry was the mercury electrodes which 
include the dropping mercury electrode and mercury thin film electrode. They have 
advantages in the determination of trace metals due to the wide cathodic potential range and 
really good reproducibility [41]. However, mercury is a highly toxic metal and hence several 
new types of metal film electrodes have come into use to replace it. The bismuth film 
electrode (BiFE) and antimony film electrode have been drawing increasing attention in the 
field of stripping analysis due to their low toxicity and many other advantages they have, 
which has proved to be equal to or even more superior to that of the mercury film electrodes 
[20, 42]. Recently graphene has been used improve the sensitivity of metal detection due to 
its unusual electronic, thermal and mechanical properties [43-48]. Wang's group [49-50] have 
confirmed the usefulness of the graphene nano-sheets in developing a high-sensitivity sensor 
for the determination of lead and cadmium ions. Khomyakov et al. [51] evidenced the 
interaction and charge transfer between graphene and metal ions and concluded that the 
interaction and the charge transfer between graphene and metal ions made the modified 
electrode very sensitive. 
Previous researchers have shown that graphene mixed with binding agents such as nafion and 
then drop coating it onto GCEs surfaces have successfully been used to detect trace heavy 
metals in water samples [50,52]. Hong An Wong et al. has shown that a glassy carbon 
electrode (GCE) modified only with graphene without any binding agents can be used for the 
determination of cadmium [53]. 
In this project the idea of avoiding a binding agent is expanded by modifying the GCE with 
graphene alone followed by in situ coating with a various thin metal films namely, Hg, Bi and 
Sb. The modified GCEs will be investigated for their applicability in trace metals analysis. 
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Improved detection limits may be expected when a “binder free” graphene modified glassy 
carbon-thin film electrode (GC-Gr-MFE) is used. 
1.3 Objectives 
The focus of this study is to synthesize and characterize graphene and investigate its 
applicability towards the detection of selected heavy metals at various metal thin film 
electrodes. To achieve this, the following must be met: 
(i)  Synthesis of graphene by subjecting graphite to a harsh oxidation process using 
H2SO4 and KMnO4, to produce graphite oxide, which is then in turn is reduced with 
NaBH4 to graphene. 
(ii)  To characterize graphene using FT-IR, XRD, TEM, SEM and Raman spectroscopy. 
(iii)  Modify the GCE with the graphene and electrochemically deposit a metal thin film 
(Hg, Bi or Sb) onto the graphene surface and investigate the modified electrode‟s 
applicability towards the detection of trace metals. 
(iv) To conduct a comparative study of the different graphene metal film electrodes. 
(v)  Conduct recovery studies to establish the accuracy of the analysis in test solutions, 
followed by real sample analysis. 
1.4 Thesis structure 
This thesis is comprises of five chapters and is structured as follows: 
Chapter 1 - Introduction 
Chapter 1 gives an introduction to stripping analysis and graphene. The rationale and 
motivation of this project are also given as well as, the objectives that need to be met. 
Chapter 2 - Literature review 
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Chapter 2 presents a review of the literature, which covers relevant aspects of graphene, trace 
metals and stripping voltammetry; as well as the characterization techniques used to 
characterize graphene. 
Chapter 3 - Materials and method 
Chapter 3 gives an account on the specific equipment used in the analysis, before explaining 
in detail the protocols involved in the synthesis, characterization, electrode preparation and 
electrochemical analysis. 
Chapter 4 - Results and discussion 
Chapter 4 presents the results and discussion with relevant references to literature. The main 
trends of the results are discussed and connecting the results with the literature and any 
correlation that has emerged in the data are highlighted. 
Chapter 5 - Conclusion and future work 
Chapter 5 concludes this thesis by summarizing the main points highlights the novelty of the 
research and, provides conclusions and recommendations as well as future work. 
Chapter 6 - References 
Chapter 6 lists the references that were consulted during this project. 
 
 
 
 
 8 
 CHAPTER 2 
Literature Review 
2.1 General basis for voltammetry  
2.1.1 Voltammetry 
Voltammetry is a section of electrochemistry developed from the discovery of polarography 
in 1922 by the Czech chemist Jaroslav Heyrovsky. In earlier times voltammetric methods 
experienced many of difficulties and limitations, making them less than ideal for routine 
analytical analysis. Some of the difficulties of the method were slowness, inconvenient 
apparatus and more importantly, low detection limits. However, in the 1960s and 1970s major 
improvements in theory, methodology and instrumentation of voltammetry were made which 
resulted in improved sensitivity [54]. Furthermore, voltammetric analysis methods nowadays 
make use various potential stepping and current sampling strategies which can differentiate 
between faradaic and non-faradaic processes and, thus lead to improved detection limits [55]. 
In all voltammetric methods a variable excitation signal is imposed on a working electrode in 
an electrochemical cell and in turn produces a current response which is then measured [56]. 
The electrochemical cell consists of a working electrode, reference electrode, auxiliary 
electrode and a non-reactive electrolyte or supporting electrolyte [57]. The working electrode 
which is usually made of platinum, gold, silver, glassy carbon, nickel, or palladium [58], 
offers the surface for electron transfer to occur for the system under investigation [59]. A 
reference electrode is used to measure the working electrode potential of an electrochemical 
cell of which, the saturated calomel electrode (SCE) and the silver/silver chloride (Ag/AgCl) 
electrodes are the most common [60]. The third electrode called the auxiliary electrode is 
used only to make an electrical connection to the electrolyte so that a current can be applied 
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to the working electrode; these electrodes are commonly made of noble metals or 
carbon/graphite [61]. 
 
Figure 2.1: Three electrode system for voltammetry 
2.1.2 Stripping voltammetry 
Stripping voltammetry is a suitable electroanalytical technique for determining ultra-low 
levels of trace metals and there have been many new developments in stripping voltammetry 
over the past 25 years. Some of the advantages of stripping voltammetry are its very low 
detection limits (10
−10 
- 10
−12
 M), its multi-element and speciation capabilities and in-situ 
applications [62]. In general, the stripping voltammetry experiment consists of three steps 
these are; the deposition (or pre-concentration) step the equilibration step (or quiet time) and 
the stripping step [63]. 
Metal ions in solution are accumulated (deposited) onto or in a working electrode which is 
fixed at the reduction potential of the metal being analyzed. This potential is referred to as the 
“deposition potential” and the time in which deposition occurs is the “deposition time”. The 
solution is stirred at a constant rate during deposition so that the maximum amount of metal is 
deposited onto the working electrode. In the second step, the stirring is stopped and the 
solution becomes quiet (quiet time) allowing for homogeneous dispersal of the analyte to 
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occur and to allow for the restoration of calm solution conditions to return. The final step 
(stripping step) involves the stripping out of the metals from the working electrode back into 
the solution at their characteristic half-wave potentials. The current observed during the 
stripping step can be related to the amount of metal ion present in the solution. There are 
various types of stripping analysis techniques namely, anodic stripping voltammetry, cathodic 
stripping voltammetry and adsorptive stripping voltammetry [64]. 
2.2. The various types of stripping analysis techniques 
2.2.1 Anodic stripping voltammetry (ASV) 
Anodic stripping voltammetry (ASV) is one of the most sensitive well- established and 
widely used voltammetric techniques. In ASV the potential is held at a negative potential 
followed by scanning in a positive direction [65]. Due to its comparatively low cost, small 
size and portability the equipment has become widely used for the determination of heavy 
metals [66]. The enhanced sensitivity is attributed to the pre-concentration step in the 
measurement procedure. During ASV analysis, a deposition or pre-concentration step is 
carried out under conditions of forced convection, which may include solution stirring or 
flow. During this step the metal ions are collected usually in the Hg by reduction to a metallic 
state and amalgamation with the Hg [62]. This is followed by metals being stripped out 
anodically from the mercury amalgam back into solution. The mechanism can be described as 
follows:  
Deposition: M
n+
 + ne → M (Hg) 
Stripping step: M (Hg) → Mn+ + ne 
2.2.2 Cathodic stripping voltammetry (CSV) 
Cathodic stripping voltammetry (CSV) is a very sensitive technique for the analysis of a 
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variety of organic and inorganic compounds. It is similar to ASV, except that for the 
deposition step, the potential is detained at an oxidizing potential; the oxidized species are 
then stripped from the electrode surface by sweeping the potential positively. CSV can be 
used to determine those metals that form insoluble salts with mercurous ions. Application of a 
relatively positive potential to a mercury electrode in a solution containing such substances 
will result in the formation of an insoluble film on the mercury electrode surface. The 
potential scan in the negative direction will then strip (reduce) the deposited film form the 
electrode into the solution [65]. The mechanism can be described as follows: 
Deposition:  M → Mn+ ne 
                   M
n+
 + A
n-
 → MA 
Stripping step:  MA + ne → M + An 
2.2.3 Adsorptive stripping voltammetry (AdSV) 
The AdSV method is characterized by the non-electrolytic nature of the accumulation 
process, where adsorption plays an important role. The adsorption of the analyte itself is 
however, not the only way of accumulation in AdSV. The reaction of a metal ion to be 
determined with a suitable reagent may lead to the formation of a complex which is adsorbed 
on the surface of the electrode. In AdSV determinations of reducible organic compounds the 
deposit is stripped off during a cathodic potential scan similarly as in CSV [67]. 
2.3 Why use stripping voltammetry (SV) 
Stripping analysis is capable of measuring four to six trace metals simultaneously in the sub-
parts per billion ranges. Its instrumentation is inexpensive and small in size. This technique 
also has a low power demand (small carbon footprint), requires no additional instrumentation 
or special installation [12]. No other technique for trace metal analysis can compete with 
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stripping analysis on the basis of sensitivity per money invested. Other advantages of 
stripping analysis include species characterization, its suitability for automatic on-line 
monitoring and for in situ measurements. Figure 2.2 indicates the different detection limits 
for different metal analysis techniques [68]. 
 
Figure 2.2: Detection limits (μg L-1) of the principal techniques for trace analysis. Refer to 
list of abbreviations. 
 
2.4 Principle of stripping voltammetry   
2.4.1 Deposition step 
The technique of stripping voltammetry (SV) has been getting extensive attention because of 
low detection limits which mainly due to the pre-concentration of the analyte in accumulating 
metal (bismuth, antimony or mercury), under a specific reduction potential for a 
predetermined time [13-14]. During the deposition step the analyte of interest is electroplated 
onto/into the working electrode forming an amalgam with the metal film. In the anodic 
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variant of stripping analysis the analyte is accumulated by their reduction into or onto the 
working electrode and as for the cathodic variant of stripping analysis, it utilizes the 
deposition of various organic and inorganic species as sparingly soluble compounds on the 
surface of the electrode. Whichever method is employed, the deposition potential imposed on 
the working electrode depends on the metal ion species to be determined and is maintained 
for a predetermined deposition time depending on the metal ion  concentration [69]. 
2.4.2 Quiet time 
After the pre-concentration step, the stirring of the solution is stopped. The solution is 
allowed to become quiet and which causes the concentration of the metal in the amalgam to 
reach equilibrium. The rest (equilibrium) period ranges from about 10 to 30 seconds, during 
which the applied potential remains unchanged, so certifying that no re-oxidation of the metal 
by traces of oxygen takes place [69]. 
2.4.3 Stripping step 
During the stripping step, the trace metals oxidize back into solution by oxidation into the 
ionic form: 
M (Hg) → Mn+ + ne  
The voltammograms recorded in the stripping step, and the analytical information about the 
solution structure is obtained at the second stage of determination, where the deposited 
concentrate is oxidized or reduced. Depending on the rule of these processes, the analytical 
signal can be represented by different electrochemical techniques such as linear sweep, 
normal pulse, differential pulse, square wave, alternating current voltammetric and 
potentiometric techniques. In all of these techniques, the analytical signal can be measured as 
the quantity of electricity, equivalent to the amount of the metals that undergoes 
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electrochemical transformation [65]. 
2.4.4 Excitation signals or waveforms  
In all voltammetric methods a variable excitation signal is imposed on a working electrode in 
an electrochemical cell and in turn produces a current response which is then measured [56]. 
The excitation signal is in a waveform; the type of waveform imposed on the working 
electrode gives the voltammetric technique its classification. Furthermore, by applying 
various waveforms better discrimination between faradaic and non-faradaic (capacitative) 
currents are achieved which result in better sensitivities and detection limits. In the following 
section some of the commonly used excitation signals (waveforms) are discussed.  
2.4.4.1 Linear sweep stripping voltammetry (LSSV)  
Linear sweep voltammetry is a common phrase used to describe a voltammetric method in 
which applied the potential to the working electrode changes linearly with time [70]. The 
scanning starts before the discharging potential and stops afterwards. The voltage (v) is 
calculated from the slope of the line. At higher scan rates the faradaic current is found to 
increase, owing to the amplified flux of electroactive material to the electrode at the higher 
scan rates [70]. It is important to note that factors such as; the rate of electron transfer 
reactions, the chemical reactivity of the electroactive species and the voltage scan rate affect 
the characteristic shape of the linear sweep voltammogram [71].  
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Figure 2.3: Excitation signal (a) and voltammogram (b) for Linear sweep stripping 
voltammetry (LSSV) 
 
2.4.4.2 Normal pulse stripping voltammetry (NPSV)  
Normal pulse stripping voltammetry is the classic pulse voltammetric measurement mode 
with direct recording of the current. For NP voltammetry, square-wave pulses with increasing 
amplitude are superimposed on a constant base voltage. The current i is measured as a 
function of the voltage E at the end of the pulse. This normally provides wave-shaped curves 
which can be evaluated using the tangent method [72]. 
  
Figure 2.1: Excitation signal (a) and voltammogram (b) for normal pulse stripping 
voltammetry 
 (a) 
 (b) 
 (a) 
 (b) 
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2.4.4.3 Differential pulse stripping voltammetry (DPSV) 
Differential pulse voltammetry is the most universal and frequently used for irreversible and 
reversible systems and offers a high sensitivity. For DP voltammetry, rectangular pulses with 
constant amplitude are superimposed on a stepwise rising direct voltage ramp. The current i is 
measured as a function of the voltage, E immediately before the pulse and at the end of the 
pulse. From the differences between the two current measurements, peak-shape curves are 
obtained which are evaluated using linear, polynomial, horizontal or exponential baselines 
[72]. 
 
 
Figure 2.2: Excitation signal (a) and voltammogram (b) for differential pulse stripping 
voltammetry 
2.4.4.4 Square wave stripping voltammetry (SWSV) 
Square wave stripping voltammetry is primarily suitable for the reversible electrode 
processes. It is used particularly for sensitive stripping voltammetric determination at the 
HMDE or Rotating Disk Electrodes (RDE). For SWSV, a square wave alternating voltage 
with small, constant amplitude is superimposed on a stepwise rising direct voltage ramp. The 
current i is measured as a function of the voltage E at the maximum (i2) and minimum (i1) of 
 (a) 
 (b) 
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the square wave voltage [72].  
 
 
Figure 2.3: Excitation signal (a) and voltammogram (b) for Square wave stripping 
voltammetry 
2.5 Working electrode types in stripping analysis  
The working electrode is the electrode in an electrochemical system at which the reaction of 
interest takes place [73-74]. In addition to the  HMDE, the thin metal-film electrodes have 
become widely used in electrochemical stripping analysis due to their relatively simple 
fabrication and surface regeneration [75]. 
2.5.1 The hanging mercury drop electrode (HMDE) 
HMDEs have been extensively used for striping voltammetry. The automatic HMDE and the 
rotating Hg coated electrodes are particularly suitable for stripping voltammetry. The 
advantage of an HMDE is its reliability. With the formation of a new drop each time, a new 
electrode surface is produced, which is important for unattended trace metal monitoring 
activities. The drops generated by modern Hg drop electrodes are very small (e.g. VA Stand 
663 from Metrohm (Switzerland) produces drops with an area of 0.52 mm
2
, and safe storage 
and recycling of the used Hg ensures minimal environmental risks [76]. 
The HMDE finds wide applicability, in conjunction with stripping techniques for the 
(a) 
Peak voltage 
        (b) 
U 
i 
 (a) 
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determination of metals such as lead [77-80], copper [81], cadmium [77-80], zinc [77-78], 
indium [80], cobalt, nickel[82], gallium, uranium [81, 83], platinum, selenium [84] and 
molybdenum. In conjunction with these, it has attracted a significant amount of attention for 
speciation studies of metals in natural waters [82,85-87]. 
2.5.2 Thin mercury film electrode (TMFE) 
Mercury thin film electrodes (MTFEs) are widely used for anodic stripping voltammetric 
(ASV) determination of mercury soluble trace elements [88]. The film is deposited on an 
inert substrate, typically, a glassy carbon electrode (GCE). MTFEs may be prepared in a pure 
mercury(II) solution (ex situ), after which the electrode is transferred into the sample solution 
or, they may be formed in situ by simply adding mercury(II) ions into the medium to be 
analyzed. The rate of mercury deposition is a function of the pH of the electrolyte, deposition 
potential, stirring rate and mercury ion concentration. Optical examinations of the mercury 
film electrodes revealed the formation of fewer and larger drops instead of a homogeneous 
film [89]. 
Glassy carbon has been the electrode of choice for the vast majority of work involving 
MTFEs, for the following reasons:  
(i) Due to its non-metallic nature, its degree of interaction with the deposited mercury is 
extremely low.  
(ii) Glassy carbon has a high over-potential for hydrogen reduction. This is an important 
consideration since, as noted by Yoshida [90], electrodes such as glassy carbon, when 
coated with mercury, have a hydrogen over-potential which is largely determined by 
the electrochemical properties of the substrate. 
(iii) The glassy carbon surface is easily renewed by mechanical polishing with diamond 
laps or alumina unlike the softer metallic substrates [90].  
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Furthermore, metallic substrates such as silver [91-92], platinum [93], copper [94], gold, 
nickel, lead and stainless steel [90] have also been used as substrates for MTFEs, although 
they have not found wide applicability.  
2.5.3 Bismuth film electrode (BiFE) 
The bismuth film electrode (BiFE), as one of the possible alternatives to mercury film 
electrodes, was applied to stripping analysis in 2000. The number of the related publications 
has been increasing and the stripping voltammetric applications of the bismuth film 
electrodes has become one of the most concentrated research fields in electroanalytical 
chemistry. The behavior of bismuth electrodes has been shown to compare favorably to that 
of mercury electrodes, with brilliant properties such as high sensitivity, well-defined stripping 
signals, good resolution of neighbouring peaks, wide cathodic potential range and 
insensitivity to dissolved oxygen. The advantageous properties of bismuth are attributed to its 
remarkable low toxicity and its ability to form alloys with heavy metals [95-99] as a result, in 
situ as well as ex situ formed BiFE have been studied [100]. Many different types of materials 
have been used as substrates for BiFE, including glassy carbon [97], wax- impregnated 
graphite carbon paste [101], and carbon fibers [100]. 
2.5.4 Antimony film electrode (SbFE) 
The use of antimony as electrode material for pH measurements was first reported in 1923 
[102], followed by other contributions using antimony microelectrodes. More recently, the 
antimony-film electrode (SbFE), has been claimed to perform on a par with MFEs and BiFEs 
in ASV [103]. The SbFE features some interesting characteristics such as, favorable negative 
over-voltage of hydrogen evolution, wide operational potential window and interestingly low 
stripping signal for antimony itself [104]. The available toxicological data regarding the 
health effects of antimony and its compounds are limited and inconclusive, but toxicity is 
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highly dependent on the speciation [105]. The relevant data published by different regulatory 
agencies indicate that antimony is much less toxic than mercury and therefore SbFEs are 
more environmentally friendly than MFEs [105]. In the past, antimony/antimony oxide 
electrodes were used as potentiometric sensors for measuring pH. Interestingly, there has very 
small number of works concerning successful application of the antimony-film electrode for 
electrochemical stripping analysis of trace heavy metals. Recently, Hocevar et al. and 
Svancara et al. [106], published a report on initial investigations of antimony-film electrode, 
revealing an attractive electroanalytical performance for measuring trace heavy metals in 
media with higher acidity (pH ≤ 2) in combination with ASV or stripping 
chronopotentiometry [103, 106].  
2.6 Applications of stripping analysis 
The remarkable sensitivity, broad scope, and low cost of stripping analysis have led to its 
application in a large number of analytical challenges The technique has proved useful for the 
determination of numerous trace metals in environmental, industrial and clinical samples, as 
well as for assays of foodstuffs, beverages, gunshot residues, and pharmaceutical 
formulations [107]. 
2.6.1 Environmental analysis 
Reliable analytical measurements of environmental samples is a very important and an 
essential part of sound decision making involving various aspects for society safeguarding 
public health, facilitating advances in technology and improving the quality of the 
environment [12]. Unlike any other pollutants, heavy metals may be the most harmful due to 
the fact that they are not biodegradable and are retained in the ecosystem indefinitely. Heavy 
metals are present in water; air and soil are a consequence of both natural and anthropogenic 
sources.  
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2.6.1.1 Water analysis 
The determination and the speciation of dissolved trace metals in environmental aquatic 
systems is essential because of their toxicity (through biomagnification) or to investigate their 
geochemistry [108-109]. Although there are a variety of analytical techniques available for 
trace metal analysis, anodic stripping voltammetry (ASV) with its range of scanning 
operating modes, is an alternative technique for determining dissolved trace metals in natural 
water systems. This is due to its low detection limit and specific sensitivity for different 
chemical forms of dissolved metals [12, 110], and it requires no chemical pre-concentration 
by the additional addition of other chemical reagents [110-112]. As a consequence of the 
many contributions by researchers and their ASV measurements, the technique has been 
widely used for measuring normal and pollution levels of more than 15 trace metals in 
different types of natural waters, such as oceans, rivers and lakes, of which some of these are 
toxic or important micronutrient elements [12]. 
2.6.1.2 Other environmental applications 
Several other environmental applications in addition to water applications have been reported 
with stripping voltammetry such as for heavy metals in, fly ash, airborne particulate matter, 
rocks, minerals and sediments. Khandekar et al.[113] used anodic stripping voltammetry for 
cadmium, zinc and lead in airborne particulates collected at various locations around 
Bombay. ASV was preferred over other techniques such as neutron activation and atomic 
absorption spectroscopy because of its ability to measure various metals simultaneously at the 
ultra-trace level. 
2.6.1.3 Clinical analysis  
In the case of the analysis of drugs it is important to monitor contamination by unsolicited 
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potentially toxic elements and to confirm that the tablets or formulations contain the correct 
amount of active ingredient [114-118]. For both purposes stripping voltammetry techniques 
have provoked particular interest because of its high sensitivity. However, since the ionic 
levels in the preparations are often high, the rotating mercury film electrode on glassy carbon, 
together with anodic stripping voltammetry, seem to provide the best results for studies on 
seawater or fly ash [119]. 
2.7. Graphene 
2.7.1 Discovery of graphene 
 Graphene was first discovered by Novoselov and Geim in 2004 [120]. Graphene can be 
viewed as a monoatomic plane of carbon atoms arranged hexagonally in a 2D honeycomb 
lattice. The basic building block for all graphitic materials of other dimensionalities is 
graphene because the 2D material can be wrapped up into 0D fullerenes, rolled into 1D 
nanotubes or stacked into 3D graphite as shown in Figure 2.2 [121]. For example, graphite is 
a stack of graphene planes weakly held by van der Waals forces and hence graphene has been 
used historically to understand and predict the properties of graphite. Even though many 
people are unfamiliar with graphene, they are very familiar with graphite which is graphene‟s 
3D counterpart which is commonly used as pencil lead. Graphene sheets are 
thermodynamically unstable with respect to other fullerene structures if its size less than 
about 20 nm („„graphene is the least stable structure until about 6000 atoms‟‟) and becomes 
the most stable (as within graphite) only for sizes larger than 24,000 carbon atoms [122]. 
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Figure 2.4: Formation of 0D, 1D and 3D materials from graphene 
2.7.2 Structure and properties 
Graphene a one atom thick substance, made up of carbon atoms arranged in a honeycomb 
lattice (Figure 2.3) with the carbon-carbon bond length being approximately 0.142 nm. The 
carbon atoms have four valence electrons, bond together with three symmetric sp
3
 orbitals. In 
graphene the 2s, 2px and 2py orbitals hybridize to form three new planar sp
2
 orbitals each 
containing one electron. These orbitals are directed along lines with angles of 120
º
 and form 
sigma bonds (σ-bonds) with other carbon atoms and, are responsible for the hexagonal lattice 
structure of graphene. Furthermore, the non-hybridized 2pz orbital is oriented perpendicular 
to the plane overlap with the 2pz orbitals of other carbon atoms forming π-bonds and 
electrons in them are responsible for electrical conduction in graphene and graphite [123] .  
The band structure of graphene was first predicted in 1947 by Wallace [124] , shows a linear 
dispersive relationship between the energy of the π electrons and their wave vector in the 
crystal lattice. This gives rise to the unusual massless Dirac fermion behaviour of the 
electrons [125-126] . Graphene recently appeared as an exciting material for electronics due 
to its fast electron movement, current-carrying capacity [27], low density, large specific 
 Graphite   Carbon nanotube   Fullerenes  
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surface area [28], thermal and mechanical properties[29-33].  
 
 
Figure 2.5: Structure of graphene 
2.7.2.1 Electronic properties 
The electronic properties of graphene are determined by the bonding π and antibonding π* 
orbitals that form the electronic valence conduction bands for graphene. In graphene the π 
and π* bands touch at the corners of the 2D  hexagonal [127-128], and are labeled by 
momentum vectors denoted by K and K
′
 as shown in Figure 2.4. The Femi surface of 
graphene is reduced to these six corner points where the cones of carrier touch are referred to 
as the “Dirac” points. Thus, the graphene is a semi-metal or zero band gap semiconductor 
[129]. Researchers at The University of Manchester have found that electrons move more 
easily in graphene than in all other materials, including gold, silicon, gallium arsenide and 
carbon nanotubes [130], and, have singled out graphene as the “best possible” material for 
electronic applications. Graphene has a high electronic quality, measured at around 200,000 
cm
2
/Vs, which is a 100 times higher than for silicon, these researchers believe graphene has 
the potential to improve upon the capabilities of current semiconductors and open up exciting 
 
 
 
 
 25 
new possibilities [131].  
 
Figure 2.6: Energy dispersion as a function of the wave-vector components kx and ky. the 
valence (π) band is distinguished from the conduction (π*) band. The Fermi level is situated 
at the points where the π band touches the π* band [132]. 
2.7.2.2 Mechanical properties 
The strong C-C bond in graphene covalently locks carbon atoms in place giving them 
outstanding mechanical properties [123, 133]. The chemical bond strength plays a strong role 
in the physical and mechanical properties of a material such as; melting point, activation 
energy of phase transition, tensile and shear strength and, hardness [134]. As of 2009, 
graphene appears to be one of the strongest materials ever tested. Measurements have shown 
that graphene has a breaking strength 200 times greater than that of steel [123]. One of the 
more significant aspects in determining bond strength is the degree of overlap between 
atomic orbitals and a key advantage of hybridized systems is that, maximum overlapping 
occurs resulting in  very strong bonds [134].  
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2.7.2.3 Optical properties 
Many reports confirmed that single layer graphene absorbs 2.3% of incident light over a 
broad wavelength range in spite of being just a monolayer [135-136]. Graphene shows 
spectacular optical properties and absorbs considerable amounts of infrared radiation without 
bandwidth limitation [137]. Graphene is efficiently utilized as an absorber in mode-locked 
carbon laser [138] and its unique optical properties of renders it a promising candidate for 
optical fibers, telecommunication devices and photonic application [138-139].  
2.7.2.4 Thermal properties 
Another exciting property of graphene is its thermal properties. The thermal conductivity of 
graphene was recently measured to be between 4.84×10
3
 and 5.3×10
3
 Wm
-1
 K
-1
 which is 
higher than that of carbon nanotubes or diamond [46]. Graphene, though, unlike diamond is a 
two dimensional crystal and offers tantalizing opportunities for heat management in various 
areas, for example, it holds promise as a heat spreader in microelectronics system [134]. 
Graphite, the 3D version of graphene that has basal plane thermal conductivity is over a 1000 
Wm
-1
K
-1
 (comparable to diamond). In graphite, the c-axis (out of plane) thermal conductivity 
is over a factor of ~100 smaller due to the weak binding forces between basal plane as well as 
the larger lattice spacing [140].  
2.7.3 Synthesis of graphene  
 Various attempts have been made to synthesize graphene to improve the quality of samples 
or to increase the cost-efficiency of the synthesis including; chemical vapor deposition on 
metal, the thermal decomposition of SiC the mechanical exfoliation of graphite and 
exfoliation of Graphite oxide. 
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2.7.3.1 Mechanical exfoliation of graphite 
To exfoliate graphite using mechanical exfoliation a small piece of graphite flake is placed on 
Scotch tape and peeled several times [120]. Each time the flake splits into thinner flakes. The 
removed layers are then pressed onto a silicon wafer with an oxide layer. A silicon wafer with 
300 nm of silicon dioxide is a preferred substrate to get the maximum contrast and thus make 
the visual detection of graphene easier. After several presses, a few single layers of graphene 
eventually adhere to the wafer. Most of these areas are in the order of microns in size or less. 
The disadvantage though is that it is very time consuming to find where the graphene is and, 
it is also labor intensive which is not good for industrial scale preparation. 
2.7.3.2 Chemical vapour deposition (CVD) graphene 
 In 2009, Kim et al. [141] developed a procedure to grow graphene on a 300 nm- thick nickel 
film deposited on silicon wafer with an oxide layer by heating the substrate to 1000 
º
C, then 
followed by passing methane, argon and hydrogen gases over the sample. They were 
successful in creating few- layer graphene and demonstrated the ability to transfer the 
graphene to other substrates. Li et al. [142] addressed this issue by growing graphene on a 
metal catalyst, 25 µm copper foil, at the same temperature of 1000 
º
C but under pressure (~ 
40 m Torr). No further treatment of graphene films were necessary and it exhibited 
outstanding properties in terms of optical transparency and electrical conductivity. The 
method is great for making large amounts of film and it requires very little labor. However, it 
often makes unpredictably arranged multilayers, with defects that are linked to the substrate 
being used. Another disadvantage is the metal surfaces on which this method works best are 
not what graphene devices should be built on. 
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2.7.3.3 Exfoliation of graphite oxide 
One possible route is towards the synthesis graphene is by the oxidation of graphite to 
suspensions of graphene oxide followed by reduction of these suspensions. The oxidation of 
graphite typically occurs in strong acids and oxidants such as sulfuric acid (H2SO4), sodium 
nitrate (NaNO3) and potassium permanganate (KMnO4) [143]. Sonication following the 
chemical modification releases the adhesive force between flakes resulting in a suspension of 
hydrophilic graphene oxide nano-platelets. These graphene oxide platelets can then be 
reduced to graphene via thermal, UV, or chemical methods [125]. The structure of GO 
contains epoxide functional groups along the basal plane of the sheets as well as carbonyl and 
hydroxyl moieties along the edges (Figure 2.4). The chemically converted graphene oxide is 
reduced by either hydrazine or sodium borohydride. The properties of chemically converted 
graphene can never truly be the same as those of graphene because, the oxidation to GO 
introduces defects and also chemical reduction does not fully restore the graphitic structure 
[144]. This method is more versatile than the epitaxial method, less time consuming and 
easier to scale up than mechanical exfoliation methods. The disadvantage though is the 
difficulty to keep the graphene solution free from re-aggregating into graphite, after 
reduction. Furthermore the graphene layers are partially oxidized, which could potentially 
result in changes in the electronic, optical and mechanical properties. 
 
 
 
 
 29 
 
Figure 2.7: Idealized structure proposed for graphene oxide (GO). Adapted from C. E. 
Hamilton, PhD Thesis, Rice University (2009). 
 
2.7.3.4 Epitaxial graphene 
Single and few-layer graphene can be grown over entire single- crystal wafers of SiC. This 
method is one such method by which to do this and is compatible with existing industrial 
wafer technologies. Producing graphene through ultra-high vacuum (UHV) annealing of the 
SiC surface has been an attractive approach especially, for semiconductor industries because 
the products are obtained on SiC substrates and requires no transfer before processing devices 
[145-148]. SiC has several polytypes which refer to the type of z-axis stacking of bilayers 
consisting of Si and C atoms [149]. In epitaxial graphene growth, a SiC wafer is heated in 
ultra-high vacuum to 1200-1700 ºC. Sublimation of the silicon at this temperature results in a 
formation of graphene on the surface of the wafer. The thickness of graphene layers depends 
on the annealing time and temperature. The formation of „„few-layer graphene‟‟ (FLG) 
typically requires a few minutes of annealing of the SiC surface at temperature of 
approximately 1200 ºC [150].  
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2.7.4 Characterization techniques for graphene and graphene oxide 
A variety of characterization techniques can be used to characterize graphene, each provide 
complementary information. Hereunder, are the methods that have been used for this project 
i.e. Fourier transformed infrared spectroscopy (FT-IR), x-ray diffraction (XRD), Raman 
spectroscopy, Transmission electron microscopy (TEM) and scanning electron microscopy 
(SEM).  
2.7.4.1 Fourier transformed infrared spectroscopy (FT-IR) 
Fourier transformed infrared spectroscopy (FT-IR) is more generally applicable towards 
graphene and graphene oxide, since it does not require a UV chromophore, but rather requires 
infrared light which is absorbed by the molecular bonds to cause transitions between 
molecular vibrational states [151]. Simply put, it is the absorption measurement of different 
infrared frequencies by a sample positioned in the path of an infrared beam. The main goal of 
IR spectroscopic analysis is to determine the chemical functional groups in the sample. The 
IR spectrum refers to electromagnetic waves whose wavelengths ranges from 0.78 µm 1000 
µm. However the more manageable, the wavenumber unit (cm
-1
) is generally used instead of 
microns thus the total IR spectrum ranges from 14,286 cm
-1
 to 28.5 cm
-1
. The advantages of 
FT-IR are its superior speed, sensitivity and have been applied to many areas that are very 
difficult or nearly impossible to analyze by IR-dispersive instruments. Instead of viewing 
each component frequency sequentially, as in a dispersive IR-spectrometer, all frequencies 
are examined simultaneously in Fourier transform infrared (FTIR) spectroscopy [152]. 
2.7.4.2 Raman spectroscopy 
The Raman Effect is one of several types of interaction between light and matter. When a 
photon interacts with a molecule it may either be absorbed, elastically scattered or 
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inelastically scattered. The inelastic scattering of light is Raman scattering. Scattered photons 
have an energy either higher or lower than incident photon and this difference is proportional 
to photon energies in the material [153]. When light is incident upon a sample, there is a 
small, but finite probability that some of the energy in the electromagnetic field will be 
transferred and raise the molecules from their ground state to an exited vibrational state. The 
strength of this coupling is proportional to the polarizability of the molecules, and the 
inelastically scattered light emerges with less energy than with which it entered. This energy 
difference is called the Raman shift and, is traditionally expressed in units of wavenumber 
(cm
-1
) [154]. The spectral features of the Raman scattered light can be used to identify 
molecules with high specificity. Furthermore, the Raman spectrum of a heterogeneous sample 
composed of several chemicals is simply a linear combination of each component chemical‟s 
Raman spectrum, with relative weighting coefficients determined by concentration and 
Raman scattering cross section. Raman spectroscopy can be used to study liquid, solid and 
gaseous samples [155], and it has been successfully utilized as a convenient technique for 
identifying and counting graphene layers on the Si/SiO2 substrate [156-157].  
 2.7.4.3 X-ray diffraction (XRD) 
X-ray diffraction is based on the assumption that x-ray radiation with wavelengths on the 
order of Angstroms can elastically scatter off the electronic structure of a crystal (Figure 2.5). 
The periodicity of the crystal will cause this scattering of the x-ray plane-wave to 
constructively interfere at certain scattering directions while destructively interfering at other 
scattering directions [158]. The diffraction of X-rays by matter results from combinations of 
different phenomena namely, the scattering by each atom and interference between the waves 
scattered by these atoms. This interference occurs because the wave scattered by the 
individual atoms are coherent with the incident wave, and therefore between themselves 
[159].  
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There are two different machines used for the X-ray diffraction analysis. The first machine 
used is a Bruker D8 Diffractometer with general area detector diffraction system that 
simultaneously collects data over a range of 30 degrees 2θ and 30 degrees χ (where χ is 
rotation about the x-axis, and is called the title axis). Subsequent analysis is done on a 
PANALYTICAL X-PERT PRO Multipurpose Diffractometer, to take more accurate, longer 
scans. Wobble scans are done on the three specimens so that the χ title of the specimen is 
effectively increased 1
°
 between each analysis, thereby examining a 5
°
 χ title range in five  
different scans. 
 
Figure 2.8: X-ray Diffraction system 
2.7.4.4 Transmission electron microscopy (TEM) 
Transmission electron microscopy (TEM) is a form of microscopy that uses a high energy 
electron beam rather than optical light (Figure 2.6). A beam of electrons are focused on a 
single spot or element on the sample being analyzed. The electrons interact with the sample 
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and those that go past unobstructed hit the phosphorous screen on the other side. The 
electrons are then converted to light and an image is formed. The TEM can be used for both 
imaging and electron diffraction analysis. The major components of a TEM are an electron 
source, the electromagnetic lenses for focusing the electron beam, a movable sample stage, a 
vacuum system and the electron detector. TEM was primary technique used to study face 
separation because it provides a direct view microstructure of a material. The contrast seen in 
a TEM image arises from strain fields or chemical modulations in the sample, depending on 
the 2-beam conditions selected [160]. A standard sample is thinned by mechanical or 
chemical means and mounted on a copper grid or ring of 3 mm diameter. TEM is used to 
determine the difference between the mono-layer and bi-layer graphene. 
 
Figure 2.9: Transmission electron microscopy system 
2.7.4.5 Scanning electron microscopy (SEM) 
Over the past fifty years, the scanning electron microscope (SEM) has grown from a 
specialized research device to a universal industrial tool. SEM imaging was first 
 
 
 
 
 34 
characterized to be used as a benchmark. SEM is known to have issues such as image drift 
and noise, which make stationary features on a specimen appear moving in the image frame. 
Thus, characterization of drift and noise in SEM imaging was conducted. SEM image noise 
refers to random variations of pixel values, arising from a few sources. Image drift refers to 
the movement of the entire image due to electron beam drift, charge drift on a specimen, 
and/or electromagnetic interferences from the environment [161]. The scanning electron 
microscope has two main parts (Figure 2.7). The electronics are used to control electron beam 
to specimen, identify and analyze signals, form image and do other functions to control the 
microscope. The electron column creates electrons including the group of lenses that focus 
the electron beam exactly to the specimen [162]. A focused electron beam is scanned over a 
specimen such that the interaction between the beam and the specimen excites various forms 
of radiation including backscattered electrons, secondary electrons, and x-rays. This radiation 
is then detected and analyzed to reveal information concerning the specimen‟s composition 
and topography. SEM has the advantages in detecting impurities, ruptures, folds, voids and 
discontinuities of synthesized or transferred graphene on a variety of substrates.  
 
Figure 2.10: Scanning electron microscopy system 
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2.8 Applications of graphene 
2.8.1 Electrochemical sensors  
Graphene is the most recent member of the multi-dimensional carbon-nano-material family, 
starting with fullerenes as a 0D material, SWCNTs as 1D nanomaterials, and ending with 
graphite as a 3D material. Graphene fills the gap for 2D carbon nanomaterials. Graphene is 
considered as an ideal material for electrochemistry due to its large 2D electrical 
conductivity, large surface area and its availability at a cheaper cost. In comparison with 
carbon nanotubes, two advantages of graphene are apparent. Firstly, graphene does not 
contain metallic impurities, as in CNTs [163] and secondly, the production of graphene is 
cheaper since its synthesis requires only graphite as the starting material. Furthermore, the 
latest studies on the electrochemical behavior of graphene indicates that graphene exhibits a 
wide electrochemical potential window of approximately 2.5 V in 0.1 M phosphate buffer 
solution (pH 7.00) [164].  
 
2.8.1.1 Graphene electrochemical sensors for enzymes 
The direct electrochemistry of an enzyme refers to the direct electron communication 
between the electrode and the active center of the enzyme without the precipitation of 
mediators or other reagents [165-167]; this is very significant in the development of 
biosensors, biofuel cells and biomedical devices. However, the realization of direct 
electrochemistry of redox enzymes on common electrodes is very difficult because the active 
centers of most redox enzymes are located deeply in a hydrophobic cavity of the molecule 
[168-169]. Carbon nanotubes and metal nanoparticles have exhibited excellent performance 
in enhancing the direct electron transfer between enzymes and electrodes, and are widely 
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used now [170-172]. Due to its extraordinary electron transport  property, functionalized 
graphene is expected to promote the electron transfer between electrode substrates and 
enzymes [168]. According to Kang‟s report [173], glucose oxidase (GOx) can be adsorbed 
onto the graphene – chitosan nano-composite film modified glassy carbon electrode. This 
modified electrode was used for glucose sensing and exhibited great sensitivity in comparison 
with widely investigated carbon nanotubes–based ones. Compared to this, Wu et al. [174] 
assembled GOx directly onto the unmodified graphene surface and could obtain the same 
direct electron transfer characteristics of GOx, but with a simpler electrode fabrication 
procedure, a higher sensitivity and a lower detection limit. 
 
2.8.1.2 Transparent conducting electrodes 
It has been demonstrated that thin film (< 30 nm) of RGO is semi-transparent in visible and 
NIR regions while thick films are opaque. The transmittance and conductivity of the 
GO/RGO film can be tuned by tuning the thickness of the film and the degree of reduction 
[175]. Indium tin oxide (ITO) and fluorine tin oxide (FTO) have been widely used as window 
electrodes in optoelectronic devices [176]. These metal oxides, however, appear to be 
increasingly problematic due to:-  
(1) the limited availability of the element indium on earth, 
(2) their instability in the presence of acid or base, 
(3) their susceptibility to ion diffusion into polymer layers, 
(4) their limited transparency in the near-infrared region and  
(5) the current leakage of FTO devices caused by FTO structure defects [177]. 
The RGO thin film is considered to be a promising electrode material for organic electronic 
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and optoelectronic applications, due to their transparency, conducting and flexible nature. 
 
 2.8.1.3 Graphene electrochemical sensors for heavy metal ions detection 
Wang‟s group [178-179] have demonstrated the use of the graphene nano-sheets to develop a 
high-sensitivity determination of lead and cadmium ions. Khomyakov et al. [180] evidenced 
the interaction and charge transfer between graphene and metal ions and concluded that the 
interaction and the charge transfer between graphene and metal ions made the modified 
electrode very sensitive. However, chemical binders (e.g. Nafion) are usually used to mix 
with graphene to form films, powders and graphene pastes with thicknesses in the order of 
nanometers (nm) or millimeters (mm). Furthermore, mixing binders with graphene helps to 
immobilize graphene onto the surfaces of electrodes in order to develop new chemical 
sensors for heavy metal determination [178-179]. Graphene pastes can reduce its electrical 
conductivity and surface activity due to the effect of the binder. Li et al. [181-182] 
demonstrated that Nafion-graphene composite film-based electrochemical sensor not only 
exhibited improved sensitivity for the detection of lead and cadmium, but also alleviates the 
interference due to synergistic effect of graphene nano-sheets and Nafion [181].  
The first available metal film used to enhance the sensitivity for graphene is mercury, due to 
the helpful analytical properties such as, in the negative potential range [18]. However, the 
use of mercury in some countries is harshly limited because of its dangerous toxicity and the 
increased health risks [183]. Recently, other types of metal film electrodes have been used as 
an alternative to mercury; amongst them is the bismuth-film electrode (BiFE) and antimony-
film electrode (SbFE), which compare well with mercury electrode. Wong et al. [53], coated 
graphene prepared by different methods onto a GCE without any binder and demonstrated 
that cadmium could be detected.  
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In this project we intend to demonstrate that chemically synthesized graphene coated on a 
GCE without using a binding agent in combination with an in-situ deposited metal film is 
capable of detecting selected heavy metal ions and does yield admirable detection limits.  
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CHAPTER 3 
Materials and Method 
3.1 Chemicals and reagents  
All chemicals used in this study were analytical reagent grade and used without further 
purification.  
 
Chemicals Source 
Glacial Acetic Acid Sigma – Aldrich 
Sodium Acetate Sigma – Aldrich 
Zinc (1000 mgL-1) Fluka 
Cadmium (1000 mgL-1) Fluka 
Lead (1000 mgL-1) Fluka 
Bismuth (1000 mgL-1) Fluka 
Antimony (1000 mgL-1) Fluka 
Mercury (1000 mgL-1) Fluka 
55% Nitric Acid Kimix 
99% Ethanol Sigma – Aldrich 
Ultra Pure Water Alfa - Aesar 
Natural graphite Milli-QTM system (Millipore) 
Sodium borohydride Sigma – Aldrich 
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3.2 Standard solutions   
3.2.1 Metal ion solutions  
Target metal ion solutions were prepared by diluting 1,000 mg L
-1
, atomic adsorption 
standard solutions with nitric acid (2%). 
3.2.2 Nitric acid solution (6 M) 
Nitric acid (6 M) was prepared by diluting nitric acid (55%) with ultra pure distilled water; 
this solution was used for cleaning and removing metal ions from glassware.  
3.2.3 Supporting electrolyte  
0.1 M Acetate buffer (pH 4.6) was used as supporting electrolyte and prepared by mixing 
glacial acetic acid and sodium acetate followed by diluting the solution with ultra pure 
distilled water. A pH meter (Metrohm 827 pH lab.) was calibrated using pH 4 and pH 7 
calibration buffer solutions and, then used to verify the pH of the acetate buffer (supporting 
electrolyte). 
3.3 Equipment and apparatus 
3.3.1 Electrochemical apparatus  
Square-wave anodic stripping voltammetry (SWASV) measurements were carried out using a 
797 VA COMPUTACE instrument connected to a personal computer. The graphene / metal 
nano-composite coated glassy carbon electrode served as the working electrode. An Ag/AgCl 
(saturated KCl) and platinum wire served as the reference and counter electrodes, 
respectively. All electrochemical measurements were carried out in a 20 mL cell. 
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Figure 3.1: 797 VA Computrace Metrohm „Electrochemical Analyzer 
 
Figure 3 2: Three electrodes system for voltammetry 
3.4 Instrumental parameters for SWASV analysis 
The instrumental parameters used for SWASV analysis are as follows;  
Initial purge:      t = 10 s 
Cleaning step:      E = +0.3 V at t = 60 s 
Pre-concentration step (Deposition):   E = -1.3 V at t = 120 s 
Equilibrium time:     t = 10 s 
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Potential scan range:     from -1.4 V to +0.6 V 
Voltage step:      0.005951 V 
Amplitude:      0.040 V  
Frequency:     50 Hz 
Stirring rate:      1000 rpm 
3.5 Preparation of reduced graphene oxide (RGO)  
Graphene oxide (GO) was synthesized from natural graphite using the modified Hummers 
method [184]. 50 mg of GO was added to 50 ml of distilled water and sonicated for 1 hour. A 
0.15 g of sodium borohydride (NaBH4) was added and the mixture stirred for 30 minutes. The 
mixture was then heated at 125 °C under reflux for 3 hours. The resulting black precipitate 
(RGO) was centrifuged, washed with water, ethanol and dried in vacuum oven. [185]. 
3.6 Electrode cleaning  
A glassy carbon electrode was polished with alumina powder in the order 1, 0.3 and 0.05 
micron respectively, on a wet polishing cloth by pressing the electrode softly against the 
polishing surface. The electrode rinsed with ultra pure distilled water and polished again with 
ethanol on a clean polishing cloth. The electrode was then cycled (10 times) between -1.3 and 
-0.2 V in 6 M nitric acid to remove any other impurities. A SWASV run was then done in 0.1 
M acetate buffer to check for any spurious peaks prior to modifying the glassy carbon 
electrode. 
3.7 Coating the glassy carbon electrode 
A 0.25 mg mL
-1
 of graphene solution in ethanol was sonicated for 30 min or until fully 
dispersed. Afterwards, 1 μL of the graphene suspension was drop coated onto the glassy 
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carbon electrode (GCE) and allowed to dry at room temperature to give the graphene 
modified electrode. 
3.8 Procedure for SWASV analysis 
Firstly, the cell, Teflon stirrer, counter electrode and reference electrode were cleaned with 6 
M nitric acid and rinsed with distilled water. 20 ml of 0.1 M acetate buffer solution (pH 4.6) 
was pipeted into the voltammetric cell. Subsequently, Hg
2+
 (Bi
3+ 
or Sb
3+
) and target metal 
ions were added to the solution and purged with argon gas for 10 s to force out the dissolved 
oxygen while the solution was stirred. The stirring was stopped and the solution allowed to 
equilibrate for 10 s The voltammogram was then recorded by applying a potential from -1.4 
V to 0.6 V using SWASV with rotation speed 1000 rpm, voltage step 0.005951 V and 
frequency 50 Hz. A cleaning step of 60 s at 0.3 V, with the solution stirring was used to 
remove the target metals and metal film.  
3.9 Characterization techniques  
3.9.1 Scanning electron microscopy (SEM) 
Scanning Electron Microscopy (SEM) measurements were performed using a LEO 1450 
SEM 30 kV instrument equipped with Electronic Data System (EDS) and Windows 
Deployment Services (WDS); images were taken using the secondary electron detector. The 
samples were dried in a vacuum oven and deposited on the silicon grid surface before SEM 
observations. 
3.9.2 High resolution transmission electron microscopy (HRTEM)  
 High Resolution Transmission Electron Microscopy (HRTEM) measurements were carried 
out with a Tecnai G2 F20X-Twin MAT Field Emission Transmission Electron Microscope 
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from FEI (Eindhoven, Netherlands) under an acceleration voltage of 200 kV. The samples 
were prepared by dropping a dilute suspension of graphene or graphene oxide in ethanol onto 
copper grids followed by air drying at room temperature.  
3.9.3 Fourier transformed infrared (FT-IR) spectroscopy 
A Fourier Transform Infrared (FT-IR) spectrum was recorded using a (Perkin Elmer 
Spectrum 100) coupled to an Attenuated Total Reflectance (ATR) sample holder. FT-IR was 
used to obtain information and confirmation on graphene or graphene oxide. 
3.9.4 X-ray diffraction (XRD) 
XRD measurements were carried out using a Bruker AXS D8 Advance diffractometer from 
BRUKER- AXS Germany with Cu-Kα radiation. The XRD operating parameters are given 
below; 
Radiation source    Cu-Кα 
Radiation wavelength (λ)   1.506 Å 
Tube Voltage     40 kV 
Tube Current    40 mA 
Variable Slits    0.28 mm 
3.9.5 Raman spectroscopy 
Raman spectroscopy was obtained using a Dilor XY Raman spectrometer with a Coherent 
Innova 300 Argon laser with a 514.5 nm laser excitation. 
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CHAPTER 4  
Results and Discussion 
4.1 Morphology and structural characterization of graphene oxide and graphene 
4.1.1 Scanning electron microscopy (SEM)  
The SEM images of GO and RGO are shown in Figure 4.1. A scanning electron microscope 
(SEM) image of feathery GO powder Figure 4.1a, shows an agglomeration of the exfoliated 
platelets, also it is noticed that the GO shows an uneven surface probably owing to the 
oxidation of sheets [186]. SEM images for RGO (Figure 4.1b) reveals that the RGO material 
consists of thin, haphazardly aggregated, wrinkly sheets closely linked with each other 
forming a shapeless solid [187]. 
 
Figure 4.1: SEM images for (a) GO and (b) RGO. 
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4.1.2 High resolution transmission electron microscopy (HRTEM) 
The HRTEM images of GO and RGO are shown in Figure 4.2. The GO images (Figure 4.2a), 
shows that the sample is a layered structure (indicated by arrow 1) consisting of stacked GO 
sheets in addition, the larger transparent sheets resemble wavy silk veils entangled with each 
another [188]. The HRTEM images for RGO (Figure 4.2b) show a crumpled and wrinkled 
transparent flake-like structure. The most transparent and featureless regions suggest 
(indicated by arrows) monolayer graphene sheets [189]. At higher magnification the HRTEM 
image (Figure 4.2c) show the monolayers of graphene. 
 
Figure 4.2: TEM images of (a) GO, (b) RGO and (c) RGO layers 
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4.1.3 Fourier transformed infrared spectroscopy (FT-IR)    
Previous researches have shown that the surfaces of graphene oxide are covered with a 
variety of oxygen functional groups namely, hydroxyl, ethers, epoxides, carbonyl and 
carboxylic groups.[190-191]. 
The FT-IR spectra of GO and RGO are shown in Figure 4.3. Graphene oxide showed a large 
compilation of diffused bands. The peak at 1406 cm
-1
 is due to C ــOH stretching vibrations, 
whereas, the band at 1602 cm-1 is attributed to C=C configurable vibrations from the aromatic 
zones. A peak at 1023 cm
-1
 is attributed to C ـــO vibrations from alkoxy groups [192], while 
the deformation of the C–O was observed at 1159 cm−1 and the peak at 1279 cm−1 is 
attributed to the bending of the O–H group [193]. The peak at 2666 cm-1 corresponds to an 
asymmetric –C-H stretching vibration. [194]. After reduction with NaBH4 greater part of the 
above mentioned bands was notably reduced or removed completely demonstrating that all or 
most of the oxygen was completely reduced. 
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Figure 4.3: FT-IR spectra of graphene oxide (GO) and reduced graphene oxide (RGO) 
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4.1.4 X-ray diffraction (XRD) 
The XRD analysis of GO and RGO are shown in Figure 4.4. GO showed a sharp, tall peak at 
10°
 
corresponding to the presence of oxygen containing functional groups formed during 
oxidation. These functional groups cause the GO sheets to stack more loosely [195] and, the 
broad peak at 25° may be due to appearance of exfoliated sheets in addition, the peak at 42° 
corresponds to the 100 crystal plane. After reduction (of graphene oxide) to graphene the 
peak at 10° completely disappeared and a broad peak centered at 25° was observed. The 
broadness of this 25° peak could be due to increased mass in the through-plane direction of 
the RGO sample and, also perhaps due to structural defects from sonication [196].  
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Figure 4.4: XRD analysis for graphene oxide (GO) and reduced graphene oxide (RGO). 
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4.1.5 Raman spectroscopy 
The Raman spectra of graphene and graphene oxide are shown in Figure 4.5. The Raman 
spectrum of graphene includes the D peak located at 1348 cm
-1
, G peak at 1591 cm
-1
 and 2D 
peak at 2866 cm
-1
. The D peak is due to the presence of confusion in atomic arrangement or 
edge effect of graphene whilst, the G peak due to in-plane vibration of the sp
2
 carbon atoms. 
The 2D band appears at almost double the frequency of the D band and originates from 
second order Raman scattering process [197-198]. For GO the G band is broadened and 
shifted to 1604 cm
-1
, and the D peak at 1345cm
-1
 is absent. The ratio of the intensities (ID/IG) 
for GO is 0.98 while it increased for graphene to 1.08. This increase is attributed to the 
significant decrease in size of the in-plane sp
2
 domains due to oxidation and ultrasonic 
exfoliation, and somewhat disordered graphite crystal structure of graphene nano-platelets 
[199].  
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Figure 4.5: Raman spectra of graphene oxide (GO) (a) and reduced graphene oxide (RGO) 
(b). 
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4.2 Part A: The graphene modified glassy carbon thin film mercury electrode (Gr-GC-
HgE)  
In this section the stripping voltammetric responses of the target metal ions, were used to 
obtain the various optimized instrumental parameters and to determine the analytical 
parameters for the Gr-GC-HgE.  
4.2.1 Current responses of graphene modified glassy carbon thin film mercury 
electrodes (Gr-GC-HgE)  
Figure 4.6 shows the stripping voltammetric responses for 20 µg L
-1
 of each target metal ion 
(Zn
2+
, Cd
2+ 
and Pb
2+
) in 20 ml of 0.1 M acetate buffer solution (pH 4.6) and 5 mg L
-1
 Hg
2+
 
ions. The stripping voltammetric peaks appear at approximately −1.1 V, −0.7 V and −0.5 V 
for Zn
2+
, Cd
2+
 and Pb
2+
 respectively. Furthermore, the peak responses (peak currents) of the 
Gr-GC-HgE prepared with varying concentrations of graphene solutions show a gradual 
decrease in peak response with the highest responses being observed with 0.25 mg mL
-1
. This 
concentration (0.25 mg mL
-1
) was used for all further modifications of the GCE. A plausible 
reason for this decrease in signal response can be attributed to the increase in the number of 
graphene sheets stacking on top of each other as shown in, Figure 4.2c to form multilayers (at 
higher concentrations). This stacking phenomenon restricts the passage of electron flow from 
the analyte solution to the surface of the GCE. 
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Figure 4.6: SWASV of 20 µg L
-1
 of Zn
2+
, Cd
2+
 and Pb
2+
 at a glassy carbon electrode (GCE) 
modified with various concentrations of graphene with an in situ deposited Hg film at the 
optemized experimental parameters.  
4.2.1.1 The effect of mercury film 
The absence of an in situ deposited Hg-film on the graphene modified GC electrode (Gr-
GCE) is apparent and is demonstrated in Figure 4.7. The results show an increase in signal 
response for Cd
2+
 and Pb
2+
 but not for Zn
2+
 when using the Gr-GCE. The non-response for 
Zn
2+
 indicates that zinc is not sufficiently deposited onto the Gr-GCE hence, no stripping zinc 
peak is observed. In general, the voltammetric peaks for the graphene modified glassy carbon 
thin film mercury electrode (Gr-GC-HgE) shows taller, symmetrical peaks for Cd
2+
 and Pb
2+
 
in comparison to either the bare glassy carbon mercury thin film electrode (GC-HgE) or the 
graphene modified GC electrode (Gr-GCE). It is evident from these results that enhanced 
sensitivity is achieved in the presence of an in situ deposited Hg-film. 
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Figure 4.7: The effect of a mercury film on the peak current of 20 µg L
-1
 of Zn
2+
, Cd
2+
 and 
Pb
2+
 at the Gr-GC-HgE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition time 
(120 s at -1.3 V), rotation speed (1000), frequency (50 Hz), amplitude (0.04 V) and sweep 
rate (0.2975 Vs
-1
). 
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4.2.2 Effect of instrumental parameters on the stripping peak currents of Zn
2+
, Cd
2+
 and 
Pb
2+
 at the graphene modified glassy carbon mercury thin film electrode (Gr-GC-HgE) 
4.2.2.1 Deposition potential 
The influence of deposition potential on the peak currents of Zn
2+
, Cd
2+
 and Pb
2+
 at the Gr-
GC-HgE was studied in the potential range -0.4 V to – 1.4 V. The voltammograms in Figure 
4.8 show that at potentials greater than their oxidation potentials of the target metal ions no 
response signals were observed since, no reduction of the metal ions from the analyte solution 
occurs. The reduction of Zn
2+
 occurred at potentials greater than -1.2 V. In general, the peak 
currents for all three metals increase as the deposition potential becomes more negative and is 
due to all three metals being positively charged ions, which are preferentially reduced at more 
negative potentials [200]. Thus, to effect simultaneous deposition of the target metal ions 
(Zn
2+
, Cd
2+ 
and Pb
2+
) a potential of -1.3 V was selected for further analysis. 
 
Figure 4.8: The effect of deposition potential on the peak current of 20 µg L
-1
 of Zn
2+
, Cd
2+
 
and Pb
2+
 at the Gr-GC-HgE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition 
time (120 s at varying deposition potentials), rotation speed (1000 rpm), frequency (50 Hz), 
amplitude (0.04 V) and sweep rate (0.2975 Vs
-1
). 
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4.2.2.2.Deposition time  
Figure 4.9 shows the effect of the deposition time on the peak currents of Zn
2+
, Cd
2+
 and Pb
2+ 
when using the Gr-GC-HgE. Here, the stripping responses of the metals increases rapidly 
with increasing deposition time from 30 to 200 s since more time is allowed for the analyte 
ions to undergo reduction and deposition at the Gr-GC-HgE surface. At deposition times 
greater than 200 s there is a gradual decrease in response due to surface saturation of the 
electrode [200]. A deposition time of 120 s was chosen for subsequent experiments to avoid 
possible surface saturation beyond 120 s.   
 
Figure 4.9: The effect of deposition time on the peak current of 20 µg L
-1
 of Zn
2+
, Cd
2+
 and 
Pb
2+
 at the Gr-GC-HgE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), varying 
deposition times at a -1.3 V), rotation speed (1000 rpm), frequency (50 Hz), amplitude (0.04 
V) and sweep rate (0.2975 Vs
-1
). 
4.2.2.3 Rotation speed   
The effect of rotation speed on the peak currents of Zn
2+
, Cd
2+
 and Pb
2+ 
applied to the Gr-
HgFE was studied from 200-2000 rpm and is shown in Figure 4.10. As the square-root of 
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rotation speed increases so does the stripping peak currents of metal ions. The rotation speed 
enhances sensitivity of stripping analysis since it facilitates the migration of metal ions from 
the bulk analyte solution to the electrode surface where reduction of the ions takes place. A 
rotation speed of 1000 rpm was chosen for further study. 
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Figure 4.10: The effect of rotation speed on the peak current of 20 µg L
-1
 of Zn
2+
, Cd
2+
 and 
Pb
2+
 at the Gr-GC-HgE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition time 
(120 s at -1.3 V), at varying rotation speeds, frequency (50 Hz), amplitude (0.04 V) and 
sweep rate (0.2975 Vs
-1
). 
4.2.2.4 Frequency  
Figure 4.11 shows the variation of frequency with the peak currents of Zn
2+
, Cd
2+
 and Pb
2+ 
applied over the frequency range from 10 to100 Hz. The peak current for all three metals 
increases as the frequency is increased. A frequency of 50 Hz was chosen as the optimum 
frequency. 
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Figure 4.11: The effect of frequency on the peak current of 20 µg L
-1
 of Zn
2+
, Cd
2+
 and Pb
2+
 
at the Gr-GC-HgE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition time (120 
s at -1.3 V), rotation speed (1000), at varying frequencies, amplitude (0.04 V) and sweep rate 
(0.2975 Vs
-1
). 
4.2.2.5 Amplitude  
Figure 4.12 shows the effect of the amplitude on the peak currents of Zn
2+
, Cd
2+
 and Pb
2+ 
which was investigated over the range 0.01 to 0.1
 
V. The peak heights of all three metals 
increased
 
linearly up to 0.04 V, but levels off to 0.08 V and then increases after 0.1 V. An 
amplitude of 0.04 V was selected as the optimum amplitude.  
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Figure 4.12: The effect of the amplitude on the peak current of 20 µg L
-1
 of Zn
2+
, Cd
2+
 and 
Pb
2+
 at the Gr-GC-HgE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition time 
(120 s at -1.3 V), rotation speed (1000), frequency (50 Hz), at varying amplitudes and sweep 
rate (0.2975 Vs
-1
). 
 
4.2.3 Film stability and reproducibility  
The peak currents of Zn
2+
, Cd
2+
 and Pb
2+
 remained almost the same each time a new Gr-GC-
HgE was prepared and used to detect 20 µg L
-1
 of each metal ion in 20 ml of acetate buffer 
(pH 4.6), at the same conditions. The percentage relative standard deviation (RSD %) for the 
oxidation peaks was 1.13, 4.7 and 2 % for Zn
2+
, Cd
2+
 and Pb
2+
 respectively, this indicates the 
excellent reproducibility in preparing the  Gr-GC-HgE.  
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4.2.4 Analytical Performance of the graphene modified glassy carbon thin film mercury 
electrode (Gr-GC-HgE)  
4.2.4.1 Simultaneous determination of Zn
2+
, Cd
2+
 and Pb
2+ 
In simultaneous analysis all three metal ions are present or mixed together in the same 
solution and, the signal response (peak current) of each metal ion is obtained by measuring 
peak height of each. The calibration plots of concentration versus current were prepared by 
determining the peak currents of the metal ions from the voltammograms in Figures 4.13a 
and b for all three the metal ions in supporting electrolyte (0.1 M acetate buffer pH 4.6). 
Here, two calibration plots shown in Figures 4.14a(i) and b(ii) over two linear ranges namely, 
1 – 10 g L-1 and 5 - 60 g L-1 were obtained with the Gr-GC-HgE.  
 
Figure 4.13: SWASV of Zn
2+
, Cd
2+
 and Pb
2+
 at the Gr-GC-HgE with an in situ  deposited Hg 
film. (a) 1 – 10 µg L-1 and (b) 5 - 60 µg L-1. Supporting electrolyte (0.1 M acetate buffer pH 
4.6), deposition time (120 s at -1.3 V), rotation speed (1000 rpm), frequency (50 Hz), 
amplitude (0.04 V) and sweep rate (0.2975 Vs
-1
).  
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Figure 4.14: Calibration plots for Zn
2+
, Cd
2+
 and Pb
2+
 at the Gr-GC-HgE with an in situ 
deposited Hg film. a(i) 1 – 10 µg L-1 and b(ii) 5 - 60 µg L-1. Supporting electrolyte (0.1 M 
acetate buffer pH 4.6), deposition time (120 s at -1.3 V), rotation speed (1000 rpm), 
frequency (50 Hz), amplitude (0.04 V) and sweep rate (0.2975 Vs
-1
).  
Furthermore, from the calibration plots in Figure 4.14, the detection limits of the metal ions 
were determined based on three times the standard deviation (3σblank) of the blank divided by 
the slope of the calibration curve. The standard deviation of the blank was calculated from ten 
replications in the presence of Hg
2+
 ions. The excellent correlation coefficients and the 
detection limits for each metal ion are presented in the Table 4.1. 
Table 4.1: Correlation coefficient (r
2
), and detection limits of Zn
2+
, Cd
2+
 and Pb
2+
 determined 
simultaneously on Gr-GC-HgE. 
 Range 1 -10 µg L
-1
 Range 5 -60 µg L
-1
 
 Zn
2+
 Cd
2+
 Pb
2+
 Zn
2+
 Cd
2+
 Pb
2+
 
Slope 2.65 ±0.42 1.99±0.43 0.96±0.01 0.84±0.12 0.66±0.05 0.41±0.04 
Standard 
Deviation (SD) 
of the blank 
0.07 0.035 0.046 0.05 0.038 0.057 
Correlation 
coefficient (r
2
) 
0.996 0.998 0.996 0.995 0.997 0.996 
Detection limit 
(µg L
-1
) 
0.08 0.05 0.14 0.18 0.17 0.42 
*n = 3, where n is the number of replications. 
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4.2.4.2. Individual determination of Zn
2+
, Cd
2+
 and Pb
2+
 
In individual analysis, each metal ion is present in a separate solution (0.1 M acetate buffer, 
pH 4.6) and the signal response (peak current) is obtained by measuring the peak height of 
each metal ion. The peak currents for Zn
2+
, Cd
2+
 and Pb
2+
 were determined from well 
resolved, symmetrical voltammetric peaks in Figures 4.15(a), (b) and (c). Two linear 
concentration ranges 1 - 10 µg L
-1
 and 5 - 60 µg L
-1
 were observed for each metal ion as 
shown by the calibration plots presented in Figure 4.16. 
 
Figure 4.15: SWASV of (a) Zn
2+
, (b) Cd
2+
 and (c) Pb
2+
 from 0 - 60 µg L
-1
 at the Gr-GC-HgE 
with an in situ deposited Hg film. Supporting electrolyte (0.1 M acetate buffer pH 4.6), 
deposition time (120 s at -1.3 V), rotation speed (1000 rpm), frequency (50 Hz), amplitude 
(0.04 V) and sweep rate (0.2975 Vs
-1
). 
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The detection limit for each metal ion was determined from their respective calibration plots 
based on three times the standard deviation (3σblank) of the blank divided by the slope of the 
calibration curve for each metal ion. Table 4.2 shows the correlation coefficients and the 
detection limits for the metal ions obtained by individual analysis. 
 
 
 
 
 
 
 
 
 
 
 
 62 
 
 
Figure 4.16: Calibration plots for (a) Zn
2+
, (b) Cd
2+
 and (c) Pb
2+
 at the Gr-GC-HgE with an 
in situ deposited Hg film (i) 5-60 µg L
-1
 and (ii) 1-10 µg L
-1
. Supporting electrolyte (0.1 M 
acetate buffer pH 4.6), deposition time (120 s at -1.3 V), rotation speed (1000 rpm), 
frequency (50 Hz), amplitude (0.04 V) and sweep rate (0.2975 Vs
-1
). 
Table 4.2: Correlation coefficient, (r
2
) and detection limits of Zn
2+
, Cd
2+
 and Pb
2+
 determined 
individually on Gr-GC-HgE.  
 Range 1 -10 µg L
-1
 Range 5 -60 µg L
-1
 
 Zn
2+
 Cd
2+
 Pb
2+
 Zn
2+
 Cd
2+
 Pb
2+
 
Slope (µA/µg 
L
-1
) 
1.32±0.35 0.92±0.05 0.66±0.04 0.39±0.03 0.46±0.01 0.24±0.03 
Standard 
Deviation (SD) 
of the blank 
0.018 0.035 0.03 0.019 0.018 0.036 
Correlation 
coefficient (r
2
) 
0.996 0.999 0.998 0.994 0.995 0.995 
Detection 
limits (µg L
-1
) 
0.04 0.11 0.14 0.15 0.12 0.45 
*n = 3, where n is the number of replications 
The results in Table 4.1 and 4.2 show that the detection limits and analytical parameters for 
both the simultaneous and individual analysis makes the Gr-GC-HgE suitable for trace 
analysis of Zn
2+
 , Cd
2+
 and Pb
2+
. 
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4.2.4.3 Comparison of individual and simultaneous determination 
To compare individual and simultaneous analyses, the detection limit (3σ blank/slope) of 
each metal calibrated individually and in the mixture using the same deposition time of 120 s 
were compared; these detection limits are shown in Tables 4.1 and 4.2. Since the detection 
limit is determined from the slope (sensitivity) of the calibration curve a low detection limit 
implies high sensitivity and vice versa. The detection limits for individual analysis were 
higher while those for the simultaneous analysis were significantly lower. The lower 
sensitivities are due to mostly interferences from the other metal ions, which is fight for the 
limited active sites at the electrode surface.  
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4.3 Part B: The graphene modified glassy carbon thin film bismuth electrode (Gr-GC-
BiE) 
 In this section the behavior of a graphene modified glassy carbon thin film bismuth electrode 
(Gr-GC-BiE) towards Zn
2+
, Cd
2+
and Pb
2+
 was evaluated. The optimum instrumental 
conditions such as deposition potential, deposition time, rotation speed, frequency and 
amplitude were determined. Furthermore, the analytical parameters such as; the sensitivity, 
correlation coefficient and detection limits for the Gr-GC-BiF are also presented.  
4.3.1 Current responses of graphene modified glassy carbon thin film bismuth 
electrodes (Gr-GC-BiE)  
The SWASV peak responses of a Gr-GC-BiE prepared with varying concentrations of 
graphene coating solutions (0.25 mg mL
-1
, 0.5 mg mL
-1
, 1 mg mL
-1
) followed by an in situ 
plated Bi-film were compared in 0.1 M acetate buffer (pH 4.6) containing 2 mg L
-1
 Bi
3+
 and 
20 µg L
-1
 target metal ions. Figure 4.17 shows that the highest peak currents are obtained 
when using a concentration of 0.25 mg mL
-1
 graphene solution in preparing the Gr-GC-BiE 
followed by 0.5 mg mL
-1 
and 1 mg mL
-1
 graphene solutions. This decrease in peak currents 
can be attributed to an increase in the number of graphene sheets stacking on top of each 
other which restricts the passage of electron flow from the analyte solution to the surface of 
the GCE. It is obvious from this data that there is a strong dependency on the amount of 
graphene that gets coated onto the electrode and its SWASV peak responses towards the 
metal ions. The behavior of the Gr-GC-BiE is similar to that which was observed with the Gr-
GC-HgE in Part A. 
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Figure 4.17: SWASV of 20 µg L
-1
 of Zn
2+
, Cd
2+
and Pb
2+
 at a glassy carbon electrode (GCE) 
modified with various concentrations of graphene with in situ deposited Bi film. Supporting 
electrolyte (0.1 M acetate buffer pH 4.6), after (120 s) deposition time at (-1.3 V) deposition 
potential, (1000 rpm) rotation speed, (50 Hz) frequency and (0.2975 Vs
-1
) sweep rate. 
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4.3.1.1 The effect of bismuth film 
Figure 4.18 shows peak currents for Cd
2+
 and Pb
2+
 but not for Zn
2+
 when comparing the 
graphene modified GC electrode (Gr-GCE) to the in situ deposited bismuth film on graphene 
modified glassy carbon electrode (Gr-GC-BiE). The low response signal for Zn
2+
 at the Gr-
GCE indicates that zinc does not or is, insufficiently deposited onto the electrode and hence, 
no stripping Zn
2+
 peak is observed. However, the in situ deposited Bi-film on graphene 
modified glassy carbon electrode (Gr-GC-BiE) shows strong peak currents for Zn
2+
, Cd
2+
 and 
Pb
2+
 due to the ability of bismuth to form alloys with these metal ions [201].   
 
Figure 4.18: The effect of Bismuth film on the peak current of 20 µg L
-1
 of Zn
2+
, Cd
2+
 and 
Pb
2+
 at the Gr-GC-BiE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition time 
(120 s at – 1.3 V), rotation speed (1000 rpm), frequency (50 Hz), amplitude (0.04 V) and 
sweep rate (0.2975 Vs
-1
).    
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4.3.2 Effect of instrumental parameters on the stripping peak currents of Zn
2+
,Cd
2+
 and 
Pb
2+
 at the graphene modified glassy carbon bismuth thin film electrode (Gr-GC-BiE) 
4.3.2.1 Deposition potential  
The effect of the deposition potential on the peak currents of Zn
2+
, Cd
2+
 and Pb
2+
 at the Gr-
GC-BiE was studied in the potential range from -0.6V to -1.5V. Figure 4.19 shows the 
deposition potential had a significant influence on the current response of Zn
2+
, Cd
2+
 and Pb
2+
 
ions, thus the peak current for all the metals ions increased with increasing negative 
deposition potentials. On the other hand, at deposition potentials greater than the oxidation 
potentials of the target metal ions no response signals were observed since, no reduction and 
deposition of the metal ions from the analyte solution onto the electrode surface occurs [202]. 
As a consequence, the optimal value selected for the deposition and the determination of 
Zn
2+
, Cd
2+
 and Pb
2+
 in further experiments was -1.3 V. This reduction potential (-1.3 V) is 
sufficient to effect the reduction and the deposition of all three metals ions onto the electrode 
surface.  
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Figure 4.19: The effect of deposition potential on the peak current of 20 µg L
-1
 of Zn
2+
, Cd
2+
 
and Pb
2+ 
at the Gr-GC-BiE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition 
time (120 s at varying deposition potentials), rotation speed (1000 rpm), frequency (50 Hz), 
amplitude (0.04 V) and sweep rate (0.2975 Vs
-1
). 
4.3.2.2 Deposition time 
Figure 4.20 illustrates the behavior of deposition time on the peak currents of Zn
2+
, Cd
2+
 and 
Pb
2+
 at the Gr-GC-BiE. The peak current of the metals increases linearly with increasing 
deposition time in the range from 30 to 300 s meaning that the longer the deposition time, the 
more the amount of metal that gets deposited [203]. A deposition time of 120 s was sufficient 
to avoid surface saturation of the electrode which may occur after 120 seconds and thus 
chosen for all subsequent experiments. 
 
Figure 4.20: The effect of deposition time on the peak current of 20 µg L
-1
 of Zn
2+
, Cd
2+
 and 
Pb
2+
 at the Gr-GC-BiE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), varying 
deposition times at a -1.3 V), rotation speed (1000 rpm), frequency (50 Hz), amplitude (0.04 
V) and sweep rate (0.2975 Vs
-1
). 
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4.3.2.3 Rotation speed 
The effect of rotation speed on the metal ion peak currents when applied to the Gr-GC-BiE 
was investigated in the range between 200 and 2000 rpm. As shown in Figure 4.21 the 
stripping peak currents of Zn
2+
, Cd
2+
 and Pb
2+
 increased constantly with increasing square-
root of rotation speed. The rotation speed enhances sensitivity of stripping analysis since it 
facilitates the transport of metal ions from the bulk solution to the electrode surface. 
However, in order to avoid electrode saturation a rotation speed of 1000 rpm was selected. 
 
Figure 4.21: The effect of rotation speed on the peak current of 20 µg L
-1
 of Zn
2+
, Cd
2+
 and 
Pb
2+
 at the Gr-GC-BiE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition time 
(120 s at -1.3 V), at varying rotation speeds, frequency (50 Hz), amplitude (0.04 V) and 
sweep rate (0.2975 Vs
-1
). 
4.3.2.4 Frequency  
The effect of frequency on the peak currents of Zn
2+
, Cd
2+
 and Pb
2+
 at the Gr-GC-BiE was 
studied in the range 10-100 Hz. As shown in Figure 4.22 the peak current for all three metals 
increases linearly with increasing frequency[202]. After a frequency of 50 Hz the zinc peak 
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current tends towards a plateau hence, a frequency of 50 Hz was chosen as the optimum 
frequency for all future experiments with the Gr-GC-BiE  
 
Figure 4.22: The effect of frequency on the peak current of 20 µg L
-1
 of Zn
2+
, Cd
2+
 and Pb
2+
 
at the Gr-GC-BiE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition time (120 
s at -1.3 V), rotation speed (1000), at varying frequencies, amplitude (0.04 V) and sweep rate 
(0.2975 Vs
-1
). 
4.3.2.5 Amplitude 
Figure 4.23 shows the effect of the amplitude on the peak currents of Zn
2+
, Cd
2+
 and Pb
2+ 
between 0.01 and 0.1
 
V. The peak height for all three metals increases continuously with 
increasing amplitude [204]. All three metal ions show that after an amplitude of 0.05 V, the 
current responses start to show non-linear behavior towards further increases in amplitude 
hence, an amplitude of 0.04 V was chosen as the optimum amplitude. 
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Figure 4.23: The effect of amplitude on the peak current of 20 µg L
-1
 of Zn
2+
, Cd
2+
 and Pb
2+
 
at the Gr-GC-BiE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition time (120 
s at -1.3 V), rotation speed (1000), frequency (50 Hz), at varying amplitudes and sweep rate 
(0.2975 Vs
-1
). 
4.3.3 Film stability and reproducibility 
The Gr-GC-BiE showed very good reproducibility. The electrodes were stable and could do 
repetitive measurements yielding a relative standard deviation, RSD% of 7.2, 2.95 and 4.36% 
for Zn
2+
, Cd
2+
 and Pb
2+
 respectively, in 0.1 M acetate buffer solution containing 20 µg L
-1
 of 
each metal ion and 2 mg L
-1
 Bi
3+
. 
4.3.4 Analytical performance of graphene modified glassy carbon thin film bismuth 
electrode (Gr-GC-BiE)  
4.3.4.1 Simultaneous determination of Zn
2+
, Cd
2+
 and Pb
2+
 
In simultaneous analysis the signal responses (peak currents) for Zn
2+
, Cd
2+
 and Pb
2+
 ions 
mixed together in the same solution and measured under optimal conditions at the Gr-GC-
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BiE are shown in Figures 4.24a and b. Calibration plots of current versus concentration for 
the metal ions extends over two concentration ranges 1 - 10 µg L
-1
 and 5 - 60 µg L
-1
; these are 
shown in Figures 4.25a(i) and b(ii).    
 
Figure 4.24: SWASV of Zn
2+
, Cd
2+
 and Pb
2+
 at the Gr-GC-BiE with an in situ deposited Bi 
film. (a) 1 – 10 µg L-1 and (b) 5 - 60 µg L-1. Supporting electrolyte (0.1 M acetate buffer pH 
4.6), deposition time (120 s at -1.3 V), rotation speed (1000 rpm), frequency (50 Hz), 
amplitude (0.04 V) and sweep rate (0.2975 Vs
-1
).  
 
Figure 4.25: Calibration plots for Zn
2+
, Cd
2+
 and Pb
2+
 at the Gr-GC-BiE with an in situ 
deposited Bi film. a(i) 1 – 10 µg L-1 and b(ii) 5 - 60 µg L-1. Supporting electrolyte (0.1 M 
acetate buffer pH 4.6), deposition time (120 s at -1.3 V), rotation speed (1000 rpm), 
frequency (50 Hz), amplitude (0.04 V) and sweep rate (0.2975 Vs
-1
).   
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In addition, the detection limits of the metal ions were determined in the same manner as that 
in Part A namely, by using the equation; detection limit = 3σblank / slope. The excellent 
correlation coefficients and the detection limits for the metal ions were obtained and these are 
presented in the Table 4.3. 
 
Table 4.3: Correlation coefficient, (r
2
) and detection limits of Zn
2+
, Cd
2+
 and Pb
2+
 determined 
simultaneously on Gr-GC-BiE. 
 
Range 1-10 µg L
-1
 Range 5-60 µg L
-1
 
Zn
2+
 Cd
2+
 Pb
2+
 Zn
2+
 Cd
2+
 Pb
2+
 
Slope 
(µA/µg L
-1
) 
1.09±0.25
 
0.48±0.05
 
0.23±0.06 0.56±0.03 0.37±0.01 0.22±0.01
 
Standard 
Deviation (SD) 
of the blank 
0.099
 
0.038
 
0.035
 
0.022
 
0.027
 
0.021
 
Correlation 
coefficient (r
2
) 
0.992 0.984 0.981 0.996 0.992 0.990 
Detection limit 
(µg L
-1
) 
0.27 0.24 0.46 0.12 0.22 0.28 
*n = 3, where n is the number of replications 
4.3.4.2 Individual analysis of Zn
2+
, Cd
2+
 and Pb
2+ 
The stripping voltammograms obtained from the individual analysis of Zn
2+,
 Cd
2+
 and Pb
2+
 in 
separate solutions of 0.1 M acetate buffer (pH 4.6) and 2 mg L
-1
 Bi
3+
 at a deposition time of 
120 s are shown in Figures 4.26(a), (b) and (c). For the Zn
2+ 
analysis it is difficult to identify 
a current peak at concentrations less than 5 µg L
-1
. While for Cd
2+
 and Pb
2+
 the peak current 
increased linearly with increasing concentration in the 1 - 10 µg L
-1
 concentration range. The 
Zn
2+
 response signals in Figure 4.26a show broad peaks and are not as sharp as those 
obtained for the Zn
2+
 responses in Figure 4.24a this may be due to hydrogen evolution which 
distorts the peak shape.  
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Figure 4.26: SWASV of (a) Zn
2+
, (b) Cd
2+
 and (c) Pb
2+
 from 1 - 60 µg L
-1
 at the Gr-GC-BiE 
with an in situ deposited Bi film. Supporting electrolyte (0.1 M acetate buffer pH 4.6), 
deposition time (120 s at -1.3 V), rotation speed (1000 rpm), frequency (50 Hz), amplitude 
(0.04 V) and sweep rate (0.2975 Vs
-1
).  
The calibration plots for Zn
2+
, Cd
2+
 and Pb
2+
 at the two concentration ranges, 1 - 10 µg L
-1
 
and 5 - 60 µg L
-1
 are presented in Figure 4.27 and were used in the determination of the 
detection limits. The detection limit for each metal was determined based on three times the 
standard deviation (3σblank) of the blank divided by the slope of the calibration curve for each 
metal ion. Table 4.4 shows the correlation coefficients and the detection limits for the metal 
ions. 
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Figure 4.27: Calibration plots for (a) Zn
2+
, (b) Cd
2+
 and (c) Pb
2+
 at the Gr-GC-BiE with an in 
situ deposited Bi film (i) 5 - 60 µg L
-1
 and (ii) 1 - 10 µg L
-1
. Supporting electrolyte (0.1 M 
acetate buffer pH 4.6), deposition time (120 s at -1.3 V), rotation speed (1000 rpm), 
frequency (50 Hz), amplitude (0.04 V) and sweep rate (0.2975 Vs
-1
).  
Table 4.4: Correlation coefficient, (r
2
) and detection limits of Zn
2+
, Cd
2+
 and Pb
2+
 determined 
individually on Gr-GC-BiE. 
 Range 1 - 10 µg L
-1 
Range 5 - 60 µg L
-1
 
 Zn
2+
 Cd
2+
 Pb
2+
 Zn
2+
 Cd
2+
 Pb
2+
 
Slope 
(µA/µg L
-1
) 
N.D 0.25±0.01
 
0.07±0.01
 
0.24±0.01
 
0.07±0.001
 
0.06±0.02
 
Standard Deviation (SD) 
of the blank 
N.D 0.03
 
0.04
 
0.048
 
0.06
 
0.05
 
Correlation coefficient 
(r
2
) 
N.D 0.998 0.981 0.992 0.996 0.982 
Detection limits (µg L
-1
) N.D 0.36 1.7 0.6 2.6 2.5 
*n = 3, where n is the number of replications 
*N.D = not determined 
4.3.4.3 Comparison of individual and simultaneous determination 
 The simultaneous and individual analysis were done in a acetate buffer 0.1M (pH 4.6), 
containing the same concentration of Bi
3+
 film and metal ions using 120 s deposition time and 
-1.3 V deposition potential. The detection limits obtained with both simultaneous and 
individual analyses for Cd
2+
 and Pb
2+
 but were for simultaneous lower than individual one. 
However, the detection limit of Zn
2+
 was much higher for the individual since no peak was 
detected at concentrations 5 µg L
-1
 and lower, while it can be seen in simultaneous analysis.   
4.4 Part C: The graphene modified glassy carbon thin film antimony electrode (Gr-GC-
SbE) 
In the following section the instrumental parameters and the influence of graphene coating 
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solution concentrations were optimized in order to detect the target metal ions (Zn
2+
, Cd
2+
 and 
Pb
2+
) at the Gr-GC-SbE. 
4.4.1 Current responses of graphene modified glassy carbon thin film antimony 
electrodes (Gr-GC-SbE)  
Figure 4.28, shows the stripping voltammetric responses signals (peak currents)  of 30 µg L
-1
 
of each target metal ions (Zn
2+
, Cd
2+
 and Pb
2+
) in 20 ml of 0.1 M acetate buffer (supporting 
electrolyte) and 0.5 mg L
-1
 Sb
3+
 obtained at the Gr-GC-SbE. The signal responses were 
obtained with various concentrations of graphene solutions used in the preparation of the Gr-
GC-SbE. A deposition potential of -1.3 V and deposition time 120 seconds was used showing 
oxidation potentials at -1.15 V, -0.76 V and -0.5 V for Zn
2+
, Cd
2+ 
and Pb
2+
, respectively . The 
figure shows that the 0.25 mg L
-1
 graphene solution gives the highest, sharpest peak current 
and is the most sensitive in terms of electrode current response. These results further show 
that with increasing concentration graphene coating solutions the number of graphene layers 
due to stacking will increase and hinder the passage of electron flow to the electrode surface 
leading to lower current signal.  
 
Figure 4.28: SWASV of 30 µg L
-1
 of Zn
2+
, Cd
2+
and Pb
2+ 
at a glassy carbon electrode (GCE) 
modified with various concentrations of graphene with an in situ deposited Sb film. 
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Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition time (120 s at -1.3 V), 
rotation speed (1000 rpm), frequency (50 Hz), amplitude (0.04 V) and sweep rate (0.2975 Vs
-
1
).  
4.4.1.1 The effect of antimony film  
The influence of an antimony film on the stripping peak current of Zn
2+
, Cd
2+
and Pb
2+
 was 
investigated in acetate buffer (0.1 M, pH 4.6). As illustrated in Figure 4.29 the current 
responses of Zn
2+
 and Cd
2+ 
increased significantly after adding the antimony film, while the 
signal of Pb
2+
 decreased. This decrease Pb
2+
 in the current is due to a pH effect and was 
similarly observed by Eva Svobodová, et al. [205] they reported that the maximum peak 
height for Pb
2+
 with SbFE was obtained at pH = 2, and that the Pb
2+
 peak decreases as the pH 
increases  
 
Figure 4.29: The effect of antimony film on the peak current of 30 µg L
-1
 of Zn
2+
, Cd
2+
 and 
Pb
2+
 at the Gr-GC-SbE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition time 
(120 s at -1.3 V), rotation speed (1000), frequency (50 Hz), amplitude (0.04 V) and sweep 
rate (0.2975 Vs
-1
). 
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4.4.2 Effect of instrumental parameters on the stripping peak currents of Zn
2+
, Cd
2+
 and 
Pb
2+
 at the graphene modified glassy carbon antimony thin film electrode (Gr-GC-SbE) 
4.4.2.1 Deposition potential  
The influence of deposition potential on the peak currents of Zn
2+
, Cd
2+
 and Pb
2+
 at the Gr-
GC-SbE was investigated in the range of −0.6 to −1.4 V, in 0.1 M acetate buffer (pH 4.6). As 
can be seen in Figure 4.30, the peak currents of all three metals increases as the deposition 
potential becomes more negative and, is due to all three metals being positively charged ions 
which are preferentially reduced at more negative potentials [17]. A potential of -1.3 V was 
chosen as optimum deposition potential since at this potential Zn
2+
 and Cd
2+
 are sufficiently 
deposited to give adequate responses. The low current response for Pb
2+
 is due to the 
inappropriate pH of the acetate buffer namely, pH 4.6. 
 
Figure 4.30: The effect of deposition potential on the peak current of 30 µg L
-1
 of Zn
2+
, Cd
2+
 
and Pb
2+
 at the Gr-GC-SbE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition 
time (120 s at varying deposition potentials), rotation speed (1000 rpm), frequency (50 Hz), 
amplitude (0.04 V) and sweep rate (0.2975 Vs
-1
). 
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4.4.2.2 Deposition time  
The sensitivity of the analysis was improved with deposition time. As Figure 4.31 shows, the 
peak current for target metal ions at the Gr-GC-SbE increased with increasing deposition time 
over range from 30 to 300 s. This is because of the increase in the amount of analyte that gets 
deposited onto the Gr-GC-SbE [20]. A deposition time of 120 s was chosen for all further 
experiments to avoid surface saturation of the electrode which may occur after 120 s and also 
to avoid long analysis times.  
 
Figure 4.31: The effect of deposition time on the peak current of 30 µg L
-1
 of Zn
2+
, Cd
2+
 and 
Pb
2+
 at the Gr-GC-SbE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), varying 
deposition times at a -1.3 V), rotation speed (1000 rpm), frequency (50 Hz), amplitude (0.04 
V) and sweep rate (0.2975 Vs
-1
). 
4.4.2.3 Rotation speed  
The rotation speed influence on the peak current for Zn
2+
, Cd
2+
 and Pb
2+
 at the Gr-GC-SbE 
was studied in the range from 200 to 2000 rpm. As shown in Figure 4.32 the stripping peak 
currents of the metal ions increased with increasing square-root of rotation speed. The 
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increased rotation speed leads to an increase the rate of migration of the target ions from the 
bulk solution to the electrode surface thus allowing more ions be deposited at the electrode 
surface within a shorter time. An adequate rotation speed of 1000 rpm was chosen as for all 
further stripping voltammetric analysis. 
 
Figure 4.32: The effect of rotation speed on the peak current of 30 µg L
-1
 of Zn
2+
, Cd
2+
 and 
Pb
2+
 at the Gr-GC-Sb. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition time 
(120 s at -1.3 V), at varying rotation speeds, frequency (50 Hz), amplitude (0.04 V) and 
sweep rate (0.2975 Vs
-1
).  
 
4.4.2.4 Frequency  
Figure 4.33 shows the effect of frequency on the stripping peak currents of the target ions at 
the Gr-GC-SbE in the range 10 Hz to 100 Hz. As the frequency increased so did the peak 
current of all the metal ions, since the effective scan rate increases. [202]. A frequency of 50 
Hz was chosen as the optimum frequency for all further experiments with the Gr-GC-SbE.  
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Figure 4.33: The effect of frequency on the peak current of 30 µg L
-1
 of Zn
2+
, Cd
2+
 and Pb
2+
 
at the Gr-GC-SbE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition time (120 
s at -1.3 V), rotation speed (1000), at varying frequencies, amplitude (0.04 V) and sweep rate 
(0.2975 Vs
-1
).  
 
4.4.2.5. Amplitude  
The effect of increased amplitude on the stripping peak current of Zn
2+
, Cd
2+
 and Pb
2+
 was 
investigated over the range 0.01 to 0.1
 
V and is shown in Figure 4.34. The peak current of 
Zn
2+
 increases up to 0.07 V then starts to trail off the same can be said for Cd
2+
. However, the 
peak current of Pb
2+
 increases continuously all be it extremely slowly. The amplitude of 0.25 
V was chosen as the optimum amplitude.  
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Figure 4.34: The effect of amplitude on the peak current of 30 µg L
-1
 of Zn
2+
, Cd
2+
 and Pb
2+
 
at the Gr-GC-SbE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition time (120 
s at -1.3 V), rotation speed (1000), frequency (50 Hz), at varying amplitudes and sweep rate 
(0.2975 Vs
-1
).  
 
4.4.3. Film stability and reproducibility 
There was no problem with the Gr-GC-SbE stability, the electrochemical platform was stable 
after each preparation and its reproducibility which was based on its current response peaks 
towards of 30 µg L
-1
 of each metal ion (Zn
2+
, Cd
2+
 and Pb
2+
 ) in acetate buffer (pH 4.6) was 
measured. The percentage relative standard deviation (RSD%) of the oxidation peaks currents 
were 3.8, 2.7 and 9% for Zn
2+
, Cd
2+
 and Pb
2+
 respectively. The larger percentage relative 
standard deviation for the Zn
2+
 oxidative peak can be attributed to hydrogen evolution which 
occurs close the Zn
2+
 half-wave potential. 
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4.4.4 Analytical Performance of the graphene modified glassy carbon thin film 
antimony electrode (Gr-GC-SbE) 
4.4.4.1 Simultaneous determination of Zn
2+
, Cd
2+
 and Pb
2+
 
The simultaneous analysis for Zn
2+
, Cd
2+
 and Pb
2+
 using the Gr-GC-SbE was studied in 0.1 M 
acetate buffer and 0.5 mg L
-1
 Sb
3+
 at a deposition time of 120 s and deposition potential of -
1.3 V. The peak current responses are shown in Figure 4.35(a), and the corresponding 
calibration plots in the concentration range 5 - 60 µg L
-1
 are presented in Figure 4.35a(i).  
 
Figure 4.35: The effect of amplitude on the peak current of 30 µg L
-1
 of Zn
2+
, Cd
2+
 and Pb
2+
 
at the Gr-GC-SbE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition time (120 
s at -1.3 V), rotation speed (1000), frequency (50 Hz), at varying amplitudes and sweep rate 
(0.2975 Vs
-1
). 
 
From the above calibration plots in Figure 4.35, the detection limits of the metal ions were 
determined using 3σblank divided by the slope of the calibration curve. The standard deviation 
of the blank, σblank was calculated from ten replications in the presence of Sb
3+
 ions only in 
acetate buffer. The excellent correlation coefficients and the detection limits for each metal 
ion are presented in the Table 4.5. 
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Table 4.5: Correlation coefficient (r
2
), and detection limits of Zn
2+
, Cd
2+
 and Pb
2+
 determined 
simultaneously on Gr-GC-SbE. 
 Range 5 - 60 µg L
-1
 
 Zn
2+
 Cd
2+
 Pb
2+
 
Slope (µA/µg L
-1
) 0.57±0.018 0.43±0.049 0.05±0.038 
Standard Deviation (SD) of 
the blank 
0.023 0.044 0.022 
Correlation coefficient (r
2
) 0.997 0.994 0.974 
Detection limit (µg L
-1
) 0.1 0.3 1.2 
*n = 3, where n is the number of replications 
4.4.4.2 Individual analysis of Zn
2+
, Cd
2+
 and Pb
2+ 
Individual analysis for Zn
2+
, Cd
2+
 and Pb
2+
 was done in 0.1 M buffer acetate containing 0.5 
mg L
-1
 Sb
3+
 ions over two concentrations ranges namely, 2 - 10 µg L
-1
 and 5 - 60 µg L
-1
 for 
Zn
2+
 and Cd
2+
. While the Pb
2+
 analysis was done in the 20 - 90 µg L
-1
 concentration range; no 
peaks were detected at low concentrations due to the limited sensitivity of Pb
2+
 with the 
antimony film at pH 4.6, of the acetate buffer solution. On the other hand, Zn
2+
 and Cd
2+
 peak 
currents increased as the concentration of the metal ions increases.  
 
Figure 4.36: SWASV of (a) Zn
2+
 and (b) Cd
2+
 from 2 - 60 µg L
-1
 at the Gr-GC-SbE with an 
in situ deposited Sb film. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition 
time (120 s at -1.3 V), rotation speed (1000 rpm), frequency (50 Hz), amplitude (0.04 V) and 
sweep rate (0.2975 Vs
-1
).   
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The calibration plots for Zn
2+
 and Cd
2+
 extend over two concentration ranges, 2 - 10 µg L
-1
 
and 5 -60 µg L
-1
 and these are presented in Figure 4.36. The detection limit for each metal 
was determined from the calibration plots for each metal ion based on three times the 
standard deviation (3σblank) of the blank divided by the slope of the calibration curve for each 
metal ion. Table 4.6 shows the correlation coefficients and the detection limits. 
 
 
Figure 4.37: Calibration plots for (a) Zn
2+ 
and (b) Cd
2+
 at the Gr-GC-SbE with an in situ 
deposited Sb film (i) 5 - 60 µg L
-1
 and (ii) 2 - 10 µg L
-1
. Supporting electrolyte (0.1 M acetate 
buffer pH 4.6), deposition time (120 s at -1.3 V), rotation speed (1000 rpm), frequency (50 
Hz), amplitude (0.04 V) and sweep rate (0.2975 Vs
-1
). 
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Table 4.6: Correlation coefficient (r
2
), and detection limits of Zn
2+
 and Cd
2+
 determined 
individually on Gr-GC-SbE. 
 Range 2 -10 µg L
-1
 Range 5 -60 µg L
-1
 
 Zn
2+
 Cd
2+
 Zn
2+
 Cd
2+
 
Slope (µA/µg L
-1
) 0.32±0.05 0.65±0.02 0.22±0.01 0.36±0.04 
Standard Deviation (SD) of 
the blank 
0.02 0.059 0.02 0.0402 
Correlation coefficient (r
2
) 0.994 0.984 0.983 0.996 
Detection limits (µg L
-1
) 0.2 0.3 0.3 0.3 
*n = 3, where n is the number of replications 
As has been explained previously, the individual analysis of Pb
2+
 was done in 0.1 M buffer 
acetate (pH 4.6) in concentration range of 20 – 90 µg L-1. Figure 4.37a shows the current 
response signals and the calibration plots in Figure 4.37a(i). The correlation coefficients and 
the detection limits are shown in the Table 4.7.  
 
Figure 4.38: SWASV of Pb
2+
 at the Gr-GC-SbE with an in situ deposited Sb film. (a) signal 
responses, a(i) calibration plot in the range 20-90 µg L
-1
. Supporting electrolyte (0.1 M 
acetate buffer pH 4.6), deposition time (120 s at -1.3 V), rotation speed (1000 rpm), 
frequency (50 Hz), amplitude (0.04 V) and sweep rate (0.2975 Vs
-1
).  
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Table 4.7: Correlation coefficient (r
2
), and detection limits of Pb
2+
 determined individually on 
Gr-GC-SbE. 
Analytical parameter Range 20 - 90 µg L
-1
, Pb
2+
 
Slope (µA/µg L
-1
) 0.198±0.06 
Standard Deviation (SD) of the blank 0.02 
Correlation coefficient (r
2
) 0.994 
Detection limits (µg L
-1
) 0.3 
*n = 3, where n is the number of replications 
 
4.4.4.3 Comparison of individual and simultaneous determination  
The detection limits of metals determined individually differed from those determined 
simultaneously. In general, lower detection limits were obtained for individual analysis, since 
only one of the metals binds to the limited number of active sites at the modified electrode 
surface and thus is involved in forming the alloy film during the deposition step. However, 
during simultaneous analysis all the different metal ions present in solution compete for the 
limited number of active sites and are all co-deposited during the formation of the alloy film. 
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4.5 Part D: Graphene glassy carbon electrode (Gr-CGE) 
In 2012, Colin Hong An Wong et al. [53], showed that chemically reduce graphene oxide 
(CR-GO) can be attached to a glassy carbon electrode without the use of any binding agents 
and, showed that the modified electrode to only detect cadmium ions.   
In this section graphene (or chemically reduce graphene oxide, CR-GO) without any binding 
agents or metal film was used to modify bare glassy carbon electrode to give the graphene 
modified glassy carbon electrode, (Gr-GCE). The Gr-GCE was used to expand the work of 
Colin Hong An Wong et al. [53], to detect Zn
2+
, Cd
2+
 and Pb
2+
. Both simultaneous and 
individual analysis of the metal ions was performed in 0.1 M acetate buffer (pH 4.6) and, at 
the same experimental conditions as for the metal film electrodes in Sections A-C.   
4.5.1 Simultaneous determination of Zn
2+
, Cd
2+
 and Pb
2+ 
In simultaneous analysis all three metal ions were mixed together in the same solution and, 
the signal response (peak current) of each metal ion was obtained by measuring peak height 
in the voltammogram. The simultaneous analysis was conducted in 0.1 M acetate buffer using 
SWASV under the optimized conditions and is shown in Figure 4.38a. The corresponding 
calibration plots of peak current versus concentration over the concentration range 15-60 
µgL
-1 
shown in Figure 4.38a(i). 
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Figure 4.39: SWASV of Zn
2+
, Cd
2+
 and Pb
2+
 at the Gr-GCE. (a) signal responses, a(i) 
calibration plot in the range 15 - 60 µg L
-1
. Supporting electrolyte (0.1 M acetate buffer pH 
4.6), deposition time (120 s at -1.3 V), rotation speed (1000 rpm), frequency (50 Hz), 
amplitude (0.04 V) and sweep rate (0.2975 Vs
-1
). 
As can be seen in Figure 4.38, the calibration plots for all the three metals were linear and the 
peak heights for Cd
2+
 and Pb
2+
 increased as the concentration increases while, for Zn
2+
, the 
peak can be seen only at higher concentrations. The detection limits and correlation 
coefficients r
2
 are given in Table 4.8. 
Table 4.8: Correlation coefficient (r
2
), and detection limits of Zn
2+
, Cd
2+
 and Pb
2+
 determined 
simultaneously on Gr-GCE  
Analytical parameter Range 15 - 60 µg L
-1
 
 Zn
2+
 Cd
2+
 Pb
2+
 
Slope (µA/µg L
-1
) 0.01±0.01 0.1±0.06 0.3±0.17 
Standard Deviation (SD) of the blank 0.03 0.04 0.05 
Correlation coefficient (r
2
) 0.995 0.996 0.996 
Detection limits (µg L
-1
) 9 1.2 0.5 
*n = 3, where n is the number of replications 
4.5.2 Individual analysis of Zn
2+
, Cd
2+
 and Pb
2+ 
The stripping voltammograms for the individual analysis of Zn
2+
, Cd
2+
 and Pb
2+
 in the 
concentration range 5 - 60 µg L
-1
, in 0.1 M acetate buffer (pH 4.6) and at a deposition time of 
 
 
 
 
 91 
120 s are shown in Figure 4.39. For the Zn
2+ 
analysis it is difficult to recognize a current peak 
at low concentrations because of the low sensitivity of Gr-GCE towards Zn
2+
 while, the peak 
currents for Cd
2+
 and Pb
2+
 were observed at lower concentrations and increased linearly with 
increasing concentration.  
 
Figure 4.40: SWASV of (a) Cd
2+
 and (b) Pb
2+
 from 5 - 60 µg L
-1
 at the Gr-GCE. Supporting 
electrolyte (0.1 M acetate buffer pH 4.6), deposition time (120 s at -1.3 V), rotation speed 
(1000 rpm), frequency (50 Hz), amplitude (0.04 V) and sweep rate (0.2975 Vs
-1
). 
 
Figure 4.41: Calibration plots for (a) Cd
2+
 and
 
(b) Pb
2+
 at the Gr-GCE. Supporting electrolyte 
(0.1 M acetate buffer pH 4.6), deposition time (120 s at -1.3 V), rotation speed (1000 rpm), 
frequency (50 Hz), amplitude (0.04 V) and sweep rate (0.2975 Vs
-1
). 
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The calibration plots for cadmium and lead in the concentration range 5 - 60 µg L
-1
 are 
presented in Figure 4.40. The detection limit of each metal ion was determined from the 
calibration plots based on three times the standard deviation (3σblank) of the blank divided by 
the slope of the calibration curve. Table 4.9 shows the correlation coefficients and the 
detection limits for the metal ions. 
Table 4.9: Correlation coefficient (r
2
), and detection limits of Zn
2+
, Cd
2+
 and Pb
2+
 determined 
individually on Gr-GCE. 
Analytical parameter Range 5 – 60 µg L-1 
 Cd
2+
 Pb
2+
 
Slope (µA/µg L
-1
) 0.32±0.16 0.41±0.24 
Standard Deviation (SD) of the blank 0.09 0.03 
Correlation coefficient (r
2
) 0.994 0.987 
Detection limits (µg L
-1
) 0.8 0.2 
*n = 3, where n is the number of replications 
 
As has been mentioned previously it is difficult to identify the Zn
2+
 peak at low 
concentrations; this indicates that zinc is not sufficiently deposited onto the Gr-GCE hence, 
no stripping zinc peak is observed at that low concentration. However, the Zn
2+
 current peak 
is observed in the higher concentration range of 15 – 90 µg L-1. Figure 4.41c shows the 
current responses and the corresponding calibration plot is shown in Figure 4.41c(i) from 
which the correlation coefficients and the detection limits were determined and then 
presented in Table 4.10.   
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Figure 4.42: SWASV of Zn
2+
 at the Gr-GCE. (c) signal responses, c(i) calibration plot in the 
range 15 - 90 µg L
-1
. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition time 
(120 s at -1.3 V), rotation speed (1000 rpm), frequency (50 Hz), amplitude (0.04 V) and 
sweep rate (0.2975 Vs
-1
). 
Table 4.10: Correlation coefficient (r
2
), and detection limits of Zn
2+
 determined individually 
on Gr-GCE. 
Analytical parameter Range 15 - 90 µg L
-1
, Zn
2+
 
Slope (µA/µg L
-1
) 0.07±0.04 
Standard Deviation (SD) of the blank 0.09 
Correlation coefficient (r
2
) 0.983 
Detection limits (µg L
-1
) 3.9 
*n = 3, where n is the number of replications 
4.5.3 Comparison of individual and simultaneous determination  
The detection limits were used to compare individual and simultaneous analysis. As can be 
seen from the tables the detection limits for individual analysis are higher than that in 
simultaneous analysis, this differences is due to the competition of the different metal ions for 
the limited number of active sites at the modified electrode surface in simultaneous analysis.  
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4.6 Comparison of metal platforms  
The sensitivity for Zinc, Cadmium and Lead at different-metal platforms (Gr-GC-HgE, Gr-
GC-BiE, Gr-GC-SbE and Gr-GCE) were compared in 0.1 M buffer acetate (pH 4.6) 
containing 60 µg L
-1
 of target metal ions and the required amounts of Hg
2+
, Bi
3+
 and Sb
3+
 by 
SWASV. As can be seen from Figure 4.42 the highest and sharpest peaks for all the metals 
were observed at the Gr-GC-HgE. The peak height of Zn
2+
 and Cd
2+
 on Gr-G-HgE was 
around 2 times bigger than on Gr-GC-BiE and Gr-GC-SbE. While the peak height for Pb
2+
 on 
Gr-GC-HgE was eleven times greater than on Gr-GC-SbE. The peak height for Zn
2+
 at the 
Gr-GC-HgE was forty five times greater than that for Zn
2+
 at the Gr-GCE. For Cd
2+
 at the Gr-
GC-BiE the peak heights was 5.8 times and, Pb
2+
 was two times bigger than at the Gr-GCE. 
 
Figure 4.43: SWASV of 60 μg L-1 Zn2+, Cd2+ and Pb2+ at a Gr-GC-HgE, Gr-GC-BiE, Gr-
GC-SbE and Gr-GCE. Supporting electrolyte (0.1 M acetate buffer pH 4.6), deposition time 
(120 s at -1.3 V), rotation speed (1000 rpm), frequency (50 Hz), amplitude (0.04 V) and 
sweep rate (0.2975 Vs
-1
). 
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4.7 Summary of detection limits for target metals ions at the different graphene- metal 
platforms 
Table 4.11 shows that graphene-metal platforms offer a rational linear range and the detection 
limit was lower than most of previous reports. However, the detection limits for simultaneous 
analysis were higher than for individual analysis. This is due to the fact that during 
simultaneous analysis the metal ions have different affinities for the electrode surface and 
thus compete for the sites on the electrode surface. 
Table 4.11: Correlation coefficient (r
2
), slopes and detection limits for the simultaneous 
analysis of Zn
2+
, Cd
2+
 and Pb
2+
 at the different graphene-metal platforms 
 
Electrode 
type 
Simultaneous 
Slope 
(µA/µg L
-1
) 
Standard 
Deviation 
(SD) of the 
blank 
Correlation 
coefficient 
(r
2
) 
Detection 
limits (μg L-1) 
Gr-GC-HgE 
Zn
2+
 2.65 ±0.42 0.07 0.996 0.08 
Cd
2+
 1.99±0.43 0.035 0.998 0.05 
Pb
2+
 0.96±0.01 0.046 0.996 0.14 
Gr-GC-BiE 
Zn
2+
 0.56±0.03 0.022 0.996 0.12 
Cd
2+
 0.37±0.01 0.027 0.992 0.22 
Pb
2+
 0.22±0.01 0.021 0.990 0.28 
Gr-GC-SbE 
Zn
2+
 0.57±0.018 0.023 0.997 0.1 
Cd
2+
 0.43±0.049 0.044 0.994 0.3 
Pb
2+
 0.05±0.038 0.022 0.974 1.2 
Gr-GCE 
Zn
2+
 0.01±0.01 0.03 0.995 9 
Cd
2+
 0.1±0.06 0.04 0.996 1.2 
Pb
2+
 0.3±0.17 0.05 0.996 0.5 
*n = 3, where n is the number of replications 
 
 
 
 
 
 96 
Table 4.12: Correlation coefficient (r
2
), slopes and detection limit values for the individual 
determination of Zn
2+
, Cd
2+
and Pb
2+
 at the different graphene-metal platforms. 
 
Electrode 
type 
Individual 
Slope (µA/µg 
L
-1
) 
Standard 
Deviation 
(SD) of the 
blank 
Correlation 
coefficient 
(r
2
) 
Detection limits 
(μg L-1) 
Gr-GC-HgE 
Zn
2+
 1.32±0.35 0.018 0.996 0.04 
Cd
2+
 0.92±0.05 0.035 0.999 0.11 
Pb
2+
 0.66±0.04 0.03 0.998 0.14 
Gr-GC-BiE 
Zn
2+
 0.24±0.01 0.048 0.992 0.6 
Cd
2+
 0.07±0.001 0.06 0.996 2.6 
Pb
2+
 0.06±0.02 0.05 0.982 2.5 
Gr-GC-SbE 
Zn
2+
 0.32±0.05 0.02 0.994 0.2 
Cd
2+
 0.65±0.02 0.059 0.984 0.3 
Pb
2+
 0.198±0.06 0.02 0.994 0.3 
Gr-GCE 
Zn
2+
 0.07±0.04 0.09 0.983 3.9 
Cd
2+
 0.32±0.16 0.09 0.994 0.8 
Pb
2+
 0.41±0.24 0.03 0.987 0.2 
*n = 3, where n is the number of replications 
The detection limits of the Gr-GC-ME were compared with some of the electrodes found in 
literature and have found to have lower or comparable values for the detection limits as 
shown in Table 4.13.  
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Table 4.13: Detection limits found from previous studies of Zn
2+
, Cd
2+
 and Pb
2+
 at various electrodes.  
Metal detected Electrode substrate 
Measurement 
technique 
Deposition 
time (s) 
Detection limit 
metal ion (µg L
-1
) 
Refs. 
Cd
2+
, Pb
2+
, Zn
2+
 Carbon based mercury thin film electrode CV & (DPASV) 60 Cd
2+
(0.25), Pb
2+
(0.08), Zn
2+
(5.5) [206] 
Pb
2+
, Cd
2+
 Thin-film Hg SWASV 120 Pb
2+
(1.8), Cd
2+
 ( 2.9) [207] 
Pb
2+
, Cd
2+
, Zn
2+
 Bi–C- nanotubes SWASV 300 Pb2+(1.3), Cd2+(0.7), Zn2+(12) [208] 
Cd
2+
, Pb
2+
 Porous antimony films ASV 100 Cd
2+
(0.7), Pb
2+
(0.5) [209] 
Cd
2+
, Pb
2+
 Non-porous antimony films ASV 100 Cd
2+
(2.8), Pb
2+
(1.8) [209] 
Cd
2+
, Pb
2+
 BiF-ZDCPE DPSV 120 Cd
2+
(0.08), Pb
2+
(0.1) [210] 
Zn
2+
, Cd
2+
, Pb
2+
 In situ plated NCBFE DPASV 180 Zn
2+
(0.3), Cd
2+
(0.17), Pb
2+
(0.17) [211] 
Pb
2+
 Sb/poly(p-ABSA)FE SWASV 240 Pb
2+
 (0.1) [202] 
Cd
2+
, Pb
2+
 MFSPCE SWASV 120 Cd
2+
(2.0), Pb
2+
(1.0) [212] 
Pb
2+
, Cd
2+
, Zn
2+
 NC (Bpy)BiFE SWASV 120 Pb
2+
(0.08), Cd
2+
(0.12), Zn
2+
(0.56) [50] 
Pb
2+
, Cd
2+
 Bismuth film electrode SWASV 90 Pb
2+
(6.9), Cd
2+
(1.4) [213] 
Zn
2+
, Cd
2+
, Pb
2+
 Chemically synthesized Bi 
nanoparticles 
SWASV 120 Zn
2+
(0.52), Cd
2+
(0.45), Pb
2+
(0.41) [214] 
Zn
2+
, Pb
2+
, Cd
2+
 Ex situ deposited bismuth DPASV 60 Zn
2+
(3.5), Pb
2+
(0.5), Cd
2+
(3.9) [215] 
Zn
2+
, Pb
2+
, Cd
2+
 Gr-GC-HgE SWASV 120 Zn
2+
(0.08), Cd2+(0.05), Pb2+(0.14) In this 
work 
Zn
2+
, Cd
2+
, Pb
2+
 Gr-GC-BiE SWASV 120 Zn
2+
(0.12), Cd2+(0.22), Pb2+(0.28) In this 
work 
Zn
2+
, Cd
2+
, Pb
2+
 Gr-GC-SbE SWASV 120 Zn
2+
(0.1), Cd2+(0.3), Pb2+(1.2) In this 
work 
Zn
2+
, Cd
2+
, Pb
2+
 Graphene-GCE SWASV 120 Zn
2+
(9), Cd2+ (1.2), Pb2+(0.5) In this 
work 
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4.8 Part E: Application of graphene – metal film electrodes  
The graphene-metal film electrodes (Gr-GC-ME) was applied to the analysis of Zn
2+
, Cd
2+
 
and Pb
2+
 in tap water samples, which was collected in our laboratory. 19 ml of tap water was 
added to 1 ml of 2 M acetate buffer (pH 4.6) to give a 0.1 M acetate buffered tap water 
sample. The electrode was established in the buffered tap water sample after adding the 
appropriate metal ion for in situ metal film preparation. SWASV analyses were performed by 
in situ deposition of the metal film and target metals, using a deposition time of 240 s. A 
longer deposition time was used in order to obtain a signal since a deposition time of 120 s 
was not adequate for real samples [216].  
The amount of metal ions present in the tap water sample was determined by the standard 
additions method and given in Tables 4.14 to 4.19 below. Only the Gr-GC-HgE was sensitive 
enough to detect metal ions the tap water sample whereas, the GC-BiE and GC-SbE could 
not. This result demonstrates the superiority of mercury since, only the Gr-GC-HgE was 
sensitive enough to detect metal ions the tap water sample without any additional sample pre-
concentration techniques.  
In order to evaluate the accuracy of the method with the different electrodes, tap water 
samples were spiked with known amounts of target metal ions and then re-determined by 
applying the method of standards additions. In general, there is an improvement in the 
recoveries from the simultaneous to individual analysis and the results are presented in Tables 
4.14 to 4.19.  
Tables 4.14 and 4.15 show that tap water samples spiked with 3 μg L-1 of the target metal ions 
gave excellent recoveries with the Gr-GC-HgE namely, within 10% of the spiked amount. 
Much better recoveries were obtained for the individual analysis in comparison with 
simultaneous analysis. However, the recovery of Cd
2+
 was better for the simultaneous 
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analysis namely, 90 % compared to the 83% of the simultaneous analysis.  
Table 4.14: Recoveries for the simultaneous determination of Zn
2+
, Cd
2+
 and Pb
2+
 at the Gr-
GC-HgE.  
Sample Simultaneous 
Original 
(μg L-1) 
Added 
(μg L-1) 
Found 
(μg L-1) 
Recovery % 
Tap water Zn
2+
 1.84 ± 0.05 3 4.58 ± 0.2 91 
 Cd
2+
 
0.014 
± 0.0025 
3 2.71 ± 0.08 90 
 Pb
2+ 
0.45 ± 0.09 3 3.29 ± 0.16 95 
*n = 3, where n is the number of replications 
 
Table 4.15: Recoveries for the individual determination of Zn
2+
, Cd
2+
 and Pb
2+
 at the Gr-GC-
HgE. 
 Sample Individual 
Original 
(μg L-1) 
Added 
(μg L-1) 
Found 
(μg L-1) 
Recovery % 
Tap water Zn
2+
 0.93 ± 0.02 3 3.9 ± 0.005 99 
 Cd
2+
 0.013 ± 0.002 3 2.5 ± 0.02 83 
 Pb
2+ 
0.3 ± 0.09 3 3.3 ± 0.04 100 
*n = 3, where n is the number of replications 
Table 4.16: Recoveries for the simultaneous determination of Zn
2+
, Cd
2+
 and Pb
2+
 at the Gr-
GC-BiE.  
 Sample Simultaneous 
Original 
(μg L-1) 
Added 
(μg L-1) 
Found 
(μg L-1) 
Recovery % 
Tap water Zn
2+
 N.D 10 7.00 ± 0.10 70 
 Cd
2+
 N.D 10 7.08 ± 0.2 71 
 Pb
2+
 N.D 10 7.00 ± 0.15 70 
*n = 3, where n is the number of replications 
Table 4.16 showed that tap water samples spiked with10 μg L-1 of the target metal ions gave 
excellent recoveries within 30% of the spiked amount for all target metal ions when using the 
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Gr-GC-BiE. The recovery improved with individual analysis in comparison with 
simultaneous analysis for example, as in the case of Cd
2+
 the percentage recovery increased 
from 71% to 92%. However, further improvement in recoveries was obtained when the tap 
water sample was spiked with higher concentrations of the target metals, as shown in Table 
4.17. The recovery percentages for Zn
2+
 and Pb
2+
 increased substantially (Table 4.17) and this 
result suggests that accuracy improves at higher metal ion concentrations.  
Table 4.17: Recoveries for the individual determination of Zn
2+
, Cd
2+
 and Pb
2+
 at the Gr-GC-
BiE. 
 Sample Individual 
Original 
(μg L-1) 
Added 
(μg L-1) 
Found 
(μg L-1) 
Recovery % 
Tap water Zn
2+
 N.D 30 30.0 ± 1.6 100 
 Cd
2+
 N.D 10 9.2 ± 0.9 92 
 Pb2+ N.D 20 20.0 ± 1.0 100 
*n = 3, where n is the number of replications 
The percentage recovery in tap water samples spiked with 30 μg L-1 of target metal ions and 
determined with the Gr-GC-SbE is shown in Tables 4.18 and 4.19. The percentage recovery 
for Zn
2+
 and Cd
2+
 are similar for simultaneous and individual analysis. However, the 
percentage recovery for Pb
2+
 is higher for the individual analysis namely, 95%.  
Table 4.18: Recoveries for the simultaneous determination of Zn
2+
, Cd
2+
 and Pb
2+
 at the Gr-
GC-SbE. 
Sample Simultaneous 
Original 
(μg L-1) 
Added 
(μg L-1) 
Found 
(μg L-1) 
Recovery % 
Tap water Zn
2+
 1.14 ± 0.03 30 30.0 ± 2 96 
 Cd
2+
 N.D 30 28.9 ± 1.5 96 
 Pb
2+
 N.D 30 21.8 ± 0.1 72 
*n = 3, where n is the number of replications 
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Table 4.19: Recoveries for the individual determination of Zn
2+
, Cd
2+
 and Pb
2+
 at the Gr-GC-
SbE. 
 Sample Individual 
Original 
(μg L-1) 
Added 
(μg L-1) 
Found 
(μg L-1) 
Recovery % 
Tap water Zn
2+
 1.17 ± 0.02 30 30.0 ± 1 96 
 Cd
2+
 N.D 30 27.9 ± 1.2 93 
 Pb
2+ 
N.D 30 28.5 ± 1.5 95 
*n = 3, where n is the number of replications 
The Gr-GC-BiE and Gr-GC-SbE platforms have lower sensitivity than the Gr-GC-HgE but 
they can be used to determine heavy metals at higher concentrations. In order to use these 
platforms for samples containing lower concentrations of heavy metals the deposition time 
can be increased or an additional sample pre-concentration technique such as, using a cation-
exchange resin can be used to concentrate the metal ions.  
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CHAPTER 5 
Conclusions and Future work  
5.1 Conclusions 
Multilayer graphene nano-sheets has been successfully prepared by oxidizing graphite to 
graphene oxide using H2SO4 and KMnO4 and reducing graphene oxide to graphene using 
NaBH4. Graphene nano-sheets were characterized using FT-IR, TEM, SEM, XRD and Raman 
spectroscopy. 
Gr-GC-MEs were prepared by immobilizing the multilayer graphene nano-sheets without 
binding agents onto a glassy carbon electrode using drop coating technique followed by the in 
situ deposition of mercury, bismuth or antimony thin films. These Gr-GC-MEs were 
employed to detect selected heavy metals namely Zn
2+
, Cd
2+
 and Pb
2+
. SWASV response of 
target ions using different graphene concentration showed that 0.25 mg L
-1
 responses is the 
optimized concentration that yields the highest response.  
The instrumental parameters (deposition potential, deposition time, rotation speed, frequency 
and amplitude) have been optimized. Hence, the deposition potential of -1.3 V, deposition 
time of 120 s, rotation speed of 1000 rpm, frequency of 50 Hz and amplitude of 0.04 V were 
identified to be most suitable for the determination of the target metal ions.  
The detection limits using Gr-GC-HgE for simultaneous analysis were 0.08, 0.05 and 0.14 µg 
L
-1
 for Zn
2+
, Cd
2+
 and Pb
2+
, respectively  and 0.04, 0.11 and 0.14 µg L
-1
 for Zn
2+
, Cd
2+
 and 
Pb
2+
, respectively, for by individual analysis. 
When using Gr-GC-BiE, the simultaneous analysis the detection limits was; 0.12, 0.22 and 
0.28 µg L
-1
 for Zn
2+
, Cd
2+
 and Pb
2+
, respectively, while detection limits for individual analysis 
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for Zn
2+
, Cd
2+
 and Pb
2+
, at the concentration range of 1 – 10 µg L-1 and 5 – 60 µg L-1 were; 
N.D, 0.36 and 1.7 µg L
-1
 and 0.6, 2.6 and 2.5 µg L
-1
, respectively.  
For Gr-GC-SbE the detection limits for simultaneous analysis were done in the concentration 
range 5 - 60 µg L
-1
, the Pb
2+
 peak was not detected at low concentration with SbFE due to the 
pH effect and the Pb
2+
 for individual analysis determined in the range 20 - 90 µg L
-1
. The 
detection limit for simultaneous analysis was; 0.1, 0.3 and 1.2 µg L
-1
 for Zn
2+
, Cd
2+
 and Pb
2+
, 
respectively and for individual analysis ; 0.2, 0.3 and 0.3 µg L
-1
 for Zn
2+
, Cd
2+
 and Pb
2+
, 
respectively.  
A Gr-GCE without binding agents and no metal film was used to detect Zn
2+
, Cd
2+
 and Pb
2+
 
the detection limit values for simultaneous analysis was; 9, 1.2 and 0.5 µg L
-1
 for Zn
2+
, Cd
2+
 
and Pb
2+
, respectively while, for individual analysis they were; 3.9, 0.8 and 0.2 µg L
-1
 for 
Zn
2+
, Cd
2+
 and Pb
2+
, respectively.  
From the detection limits obtained at the Gr-GC-ME and Gr-GCE, it is clearly shown that by 
using a metal film (mercury, bismuth and antimony films) the sensitivity of the Zn
2+
 signal 
was tremendously enhanced.  
The applicability of the modified electrodes used for the detection of Zn
2+
, Cd
2+
 and Pb
2+
 in 
tap water. The amount of metal ions present in tap water was determined by the standard 
additions method. The results obtained show that only Gr-GC-HgE was sensitive enough to 
detect metal ions at extremely low concentrations of metal ions the tap water samples 
whereas, the GC-BiE and GC-SbE could not.  
In general, there is an improvement in the recoveries from the simultaneous to individual 
analysis for the metal ions in this study except for Cd
2+
 at the Gr-GC-HgE which showed 
better detection for the simultaneous analysis namely, 90 % compared to the 83% of the 
individual analysis.  
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5.2 Future work 
The future work in for this project will deal with: 
The application of the Gr-GC-MEs on other real samples such as; mine water or other 
industrial waste water sample. Also, using the modified Gr-GC-MEs for detecting other heavy 
and hazardous metal ions such as; Arsenic.  
Application Gr-GCE for detecting Sb
2+
, Bi
3+
, Hg
2+
, Zn
2+
, Cd
2+
 and Pb
2+
 ions in real samples 
such as water, soils, plant tissue. 
Developing a portable device using screen-printed electrodes (SPE) modified with multilayer 
graphene for the on-site detection of heavy metals ions. 
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